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BACKGROUND OF THE INVENTION 

Fiel d o f t he Invention 

The present invention relates generally to a vaccine composition and 
methods of preventing and treating infection in humans and animals therewith. 
More specifically, the invention relates to a mutant rabies virus wherein the 
nucleoprotein is mutated at the amino acid wherein phosphorylation occurs. The 
invention also relates to vectors for delivering a gene to a human or animal, and 
methods of delivering the gene thereto. 
Description of the Related Art 

Within the Rhabdoviridae family, rabies virus is the prototype of the 
Lyssavirus genus and vesicular stomatitis virus (VSV) is the prototype of the 
Vesiculovirus genus (Wagner and Rose, 1996). The genomic RNA is encapsidated 
with nucleoprotein (N) and this N-RNA complex, together with the 
phosphoprotein (P, also termed as NS) and RNA-dependent RNA polymerase (L), 
forms the RNP complex. The N protein of the rhabdoviruses, like the N protein 



from other members in the order of the mononegavirales, plays vital roles in 
regulating viral RNA transcription and replication by encapsidating de novo 
synthesized viral genomic RNA. Although rabies virus N and VSV N do not 
share a high degree of homology in the primary nucleotide and protein sequences, 
they do have conserved regions and similar protein characteristics. For example, 
the N protein of rabies virus has four conserved amino acid stretches homologous 
with those of VSV (Tordo et al. , 1986). In addition, a similar helical structure of 
N protein exists in both rabies virus and VSV, with an a-helix continuing from the 
N-terminus through most of the protein, and a p-turn towards the C-terminus (Barr 
etal., 1991). 

One major structural difference, however, exists between rabies virus N 
and VSV N. Rabies virus N is phbsphorylated while VSV N is not (Sokol and 
Clark, 1973). The phosphorylation has been mapped to serine residue at position 
389 of the rabies virus N (Dietzschold et al., 1987). Previously, it was 
demonstrated that dephosphorylation of rabies virus N or mutation of the serine 
389 to alanine resulted in increased binding to in vitro-synthesized leader RNA 
(Yang et al., 1999). Furthermore, mutation of the phosphorylated serine to 
alanine resulted in reduction of viral transcription and replication of a rabies virus 
minigenomic RNA (Yang et al., 1999). However, in the minigenome system, 
viral proteins necessary for viral transcription and replication were synthesized by 
T7 polymerase, and thus their synthesis was not under the control of rabies virus 
regulatory machinery. 

Rabies has always had an aura of tragedy and mystery. Its dramatic - 
clinical expression and almost always fatal outcome guarantee that rabies 
prevention is given high priority. Despite significant progress in biological 
research, rabies remains a significant global disease. Annually, more than 70,000 
human fatalities are estimated, and millions of others require post-exposure 
treatment (Meslin et al., 1994; Anonymous, 1993). Although humans are the 
dead-end host, the disease is epizootic or enzootic in domestic animals as well as 



in wildlife (Fu, 1997; Rupprecht et al., 1995; Smith et al., 1995). Dogs remain 
the most important reservoir in Asia, Africa, and Latin America where most 
human rabies cases occur (Fu, 1997). In countries where dog rabies is controlled 
through animal vaccination, the number of human cases has been reduced 
considerably (Smith et al., 1995). However, rabies in wildlife presents a more 
challenging problem in these countries (Rupprecht et al., 1995; Smith et al., 
1995). Fox rabies has been endemic in Europe and North America for many 
years, although a recent endeavor in oral vaccination has been successful in 
reducing or even eliminating rabies in many parts of Europe (Brochier et al., 
1991). In the United Sates, wildlife rabies accounted for more than 90% of the 
reported rabies cases (more than 7,000 each year) in the past decade (Rupprecht et 
al., 1995; Smith et al., 1995; Krebs et al., 2000a; Krebs et al., 2000b) and there 
are at least five major wildlife rabies reservoirs that maintain concurrent epizootics 
(Smith et al., 1995). Epizootic raccoon rabies continues to occur in all the states 
along the eastern seaboard, and it is spreading westwards to Ohio, West Virginia, 
and Alabama (Krebs et al. , 2000b). Skunk rabies remains enzootic in the central 
states and California (Krebs et al., 2000b). Fox rabies occurs sporadically in 
Arizona, Alaska, and Texas and also in the eastern states where raccoon rabies is 
epizootic (Krebs et al., 2000b). Bat rabies is widely distributed throughout the 48 
contiguous states (Krebs et al., 2000b). These epizootics of wildlife rabies present 
a health threat for humans. Therefore, controlling rabies and protecting humans 
from rabies virus infection requires multi-layered control strategies, particularly 
vaccination of humans before or after exposure, regular vaccination of pet animals, 
and vaccination of wildlife. 

Vaccination of humans after exposure can be dated back to the time of 
Pasteur when he injected Joseph Meister with attenuated rabies virus made from 
neuronal tissue (Pasteur et al. , 1996). Since then, human rabies vaccines have 
gone through successive improvements, particularly the development of human 
diploid cell culture vaccine (HDCV) by Koprowski and associates at the Wistar 
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Institute (Wiktor et al., 1964). The tissue culture vaccine is not only safe 
compared with the old brain vaccines because it does not contain neuronal tissues, 
but it is also more effective. People immunized with HDCV developed high virus 
neutralizing antibody (VNA) titers as early as 10 days after inoculation, compared 
5 with those immunized with the nervous tissue vaccine in whom neutralizing 

antibody titers dp not reach protective levels until 30 days after the i m mu n ization 
(Wiktor et al., 1964). Today, many of the derivatives of tissue culture vaccines 
are similar to HDCV, and they are both effective and well tolerated. They include 
the purified chicken embryo cell vaccine (PCEC, Barth et al., 1984; Sehgal et al., 

10 1993), the purified Vero cell rabies vaccine (PVRV, Suntharasamai et al., 1986) 
and the purified duck embryo cell vaccine (PDRV, Khawplod et al., 1995). A 
typical post-exposure treatment for an individual bitten by a rabid or a suspected 
rabid animal consists of the prompt administration of multiple injections of one of 
the above-mentioned tissue culture vaccines. Depending upon the nature and 

15 severity of the bite, it is also recommended that individuals receive antirabies 
antiserum prepared either in animals (usually equine) or preferably in humans 
(human rabies immune globulins, or HRIG) (Anonymous, 2000). Less frequently 
and under special circumstances, humans considered at risk of inapparent rabies 
exposure, such as animal control officers, veterinarians, and laboratory personnel 

20 working with the virus, are immunized against rabies, which is known as pre- 
exposure vaccination (Anonymous, 2000). 

Although the tissue culture vaccines are safe and effective, there are 
problems. Because all these vaccines are made from inactivated viruses, multiple 
doses over an extended time period are required to stimulate optimal immune 

25 responses (Anonymous, 2000). Failure to complete the whole series of 
vaccination may result in the development of diseases (Shill et al., 1987; 
Lumbiganon et al., 1987; Anonymous, 1988). Allergic reactions to proteins 
contained within cell culture vaccines occur in approximately 6% of the vaccinees 
given booster injections (CDC, 1984). Indeed, there is some evidence that the 
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most serious adverse reactions are to human albumin denatured by the 
p-propiolactone used to inactivate the virus (Warrington et al., 1987; Swanson et 
al., 1987; Anderson et al., 1987). Furthermore, the high cost of these tissue 
culture vaccines makes it difficult to effectively utilize in developing countries 

5 where it is needed most. Post-exposure treatment may exceed $2,000 to 3,000 
dollars (in the United States) per case (Melter, 1996). Most human rabies cases 
occur in developing countries, where vaccinees cannot afford to pay this amount. 
Thus, a frequently used vaccine for rabies in developing countries is from animal 
neural tissue, usually produced either in livestock or in suckling mouse brains 

10 (Fuenzalida vaccine) (Fuenzalida, 1972). Twenty-one doses of the nervous tissue 
vaccine are usually required by intraperitoneal injection, and such vaccines may 
cause neurological diseases (Trejos et al., 1974). 

Vaccination of pets (dogs and cats) in the United States is carried out as 
recommended in the Compendium of Animal kabies Prevention and Control by the 

15 National Association of State Public Health Veterinarians (Anonymous, 2000). 

Usually pet animals are immunized at 6 weeks of age and revaccinated annually or 
triennially depending on the vaccines used (Anonymous, 2000). Most of the 
licensed rabies vaccines for pets are inactivated rabies viruses. Recently, a 
recombinant canary pox virus expressing rabies virus G was approved for cat 

20 immunization (Anonymous, 2000). Although these vaccines provide adequate 

protection in dogs ant cats, the vaccines do induce local reactions (Wilcock et al., 
1986). Furthermore, multiple immunizations are required to maintain sufficient 
immunity throughout life (Anonymous, 2000). Dogs immunized repeatedly with 
commercial vaccines may not always maintain adequate titers, and only one-third 

25 of the dogs showed VNA titers above the 1:5 base line (Tims et al., 2000). In 

addition, vaccination of puppies less than 3 months of age fails to induce protective 
immunity, although the maternal antibodies transferred from bitches declined to 
undetectable levels by 6 weeks of age (Aghomo et al. , 1990). There is a period 
from the time of the waning of maternal antibody to the time of active immunity in 



-6- 

which the young animals may not be protected (Mitmoonpitak et al., 1998; Clark 
et al., 1996). 

Wildlife rabies exists in many countries and continues to present a major 
public health threat. Efforts to control wildlife rabies during the past two decades 
5 in both Europe and North America have been directed towards oral vaccination 
(Baer, 1988). Initially, an attenuated rabies virus, Street Alabama Dufferin B19 
(SAD) strain was used, and it did not cause rabies when orally administered to 
foxes (Baer, 1988). Field trials to vaccinate red foxes in European countries with 
SAD in chicken-head baits resulted in more than 60% of rabies immune foxes and 

10 stopped the spread of the disease into untreated areas (Wandeler et al. , 1998; 

Schneider et al., 1988). However, SAD still causes disease in rodents (Winkler et 
al., 1976) and in domestic animals (Esh et al., 1982). Subsequently, a 
recombinant vaccinia virus expressing the rabies virus G (VRG) was developed 
(Kieny et al., 1984) and was found to be an effective oral immunogen for raccoons 

15 and foxes under laboratory conditions (Rupprecht et al., 1986; Blancou et al., 

1986). Further testing of VRG in fishmeal baits was carried out in animals in the 
wild, and it has been demonstrated that VRG is safe (Brochier et al., 1989; 
Rupprecht et al., 1993). Neither vaccine-associated morbidity or mortality nor 
gross lesions or detrimental side effects have been associated with vaccination in 

20 target and non-target animal species. The vaccine is also efficacious in inducing 
protective immunity and field application with VRG resulted in large-scale 
elimination of fox rabies in vaccinated areas in Europe (Brochier et al., 1991). 
Similar application of VRG in the United States has resulted in a blockade of 
coyote rabies spreading in Texas (Fearneyhough et al., 1998), and raccoon rabies 

25 spreading in other states (Hanlon et al., 1998; Robbins et al., 1998; Roscoe et al., 
1998). Although VRG is safe in vaccinated animals and efficacious in stimulating 
immunity in target animal species, a recent incident involving a pregnant woman 
underscores the risks of using such recombinant vaccines even in wildlife animals, 
particularly in densely populated areas (Rupprecht et al., 2001). The woman was 
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bitten on the finger and left forearm when she tried to remove a VRG recombinant 
virus-laden bait from her dog's mouth. Within 10 days she developed an intensive 
local inflammatory reaction around two necrotic lesions at the forearm bite sites 
and adenitis. She went on to develop generalized erythroderma that eventually 

5 subsided after exfoliation (Rupprecht et aL, 2001). This incident casts doubts on 
the future use of VRG as a rabies vaccine for wildlife. 

It is clear that current vaccines used in humans and other animals have 
problems in safety, effectiveness, and cost. More effective, safe, and inexpensive 
vaccines are needed for controlling rabies in animals and prevent human rabies. 

10 Many novel vaccines are being developed and tested including DNA vaccines and 
other recombinant vaccines. DNA vectors expressing rabies virus G have been 
found to stimulate both T helper cells and the production of rabies virus VNA 
(Xiang et al., 1994). Furthermore, immunization of mice with these DNA vectors 
protected mice and monkeys against subsequent challenge infections with lethal 

15 rabies virus (Xiang et al., 1994; Ray et al., 1997; Lodmell et al., 1998). 

However, induction of immune responses by DNA vaccines usually takes longer, 
and the magnitude of the immune response is lower compared with conventional 
vaccines (Xiang et al., 1994; Osorio et al., 1999). Recombinant human 
adenoviruses expressing rabies virus G have also been developed (Prevec et al., 

20 1990; Xiang etal., 1996). The recombinant adenovirus vaccines can induce VNA 
and protect vaccinated animals (mice, dogs, skunks, and foxes) against challenge 
infection (Tims et al., 2000; Prevec et al., 1990; Xiang et al., 1996; Charlton et 
al., 1992; Wang et al., 1997). There is concern with the adenoviral vector in the 
immune responses directed to the adenoviral proteins (Wang et al., 1997). 

25 Preexisting anti-adenoviral immunity may prevent the uptake of the vaccine by 

cells needed for expression of the target gene and, thus, impair the active immune 
response to the target antigen. Furthermore, revaccination or vaccination with 
adenoviral vector expressing a different target antigen may no longer be effective. 



-8- 

Live-attenuated virus vaccines have long been known to be more effective 
in inducing long-lasting humoral and cell-mediated immunity, and many diseases 
are controlled or eradicated by using live modified viral vaccines. The global 
eradication of small pox is essentially achieved by using a less virulent cowpox 

5 virus vaccine (Henderson, 1980). Poliomyelitis is on the verge of global 

eradication because of the mass vaccination with the live polio vaccines (Sabin et 
al., 1973). Many other viral diseases such as measles, mumps, and rubella, just to 
name a few, are brought under control by live modified virus vaccines (Arvin, 
2000). Thus, a live modified rabies virus vaccine may have the advantage over 

10 currently licensed vaccines by providing long-lasting immunity and reducing the 
doses required. As a result, the cost will be lowered markedly. However, such 
live modified rabies vaccines must be completely avirulent, particularly for 
humans. To this end, the SAD strain of rabies virus, which was initially used for 
wildlife vaccination in the 1980s (Baer, 1988; Wandeler et al., 1998; Schneider et 

15 al., 1988), was further attenuated by successive selection using neutralizing 

monoclonal antibodies (Mab), resulting in the selection of strains SAG1 and SAG2 
(Le Blois et al., 1990; Flamand et al., 1993; Schumacher et al., 1993; Lafay et 
al., 1994). The selection of SAG1 and SAG2 using Mabs was based on earlier 
findings that mutation of the glycoprotein at arginine 333 reduced the virulence of 

20 the rabies virus (Dietzschold et al. , 1983; Seif et al. , 1985). The SAG1 virus 
possesses one mutation at position 333, where arginine is replaced by lysine 
(Lafay et al., 1994). Compared with the SAD strain, which is still pathogenic in 
adult mice by intracerebral (i.e.) route of inoculation, the SAG1 virus is avirulent 
when given to adult mice by i.e., intramuscular (i.m.), and per os (Le Blois et al., 

25 1990; Lafay et al., 1994). The SAG1 virus is as effective as SAD in vaccinating 
foxes via the oral route (Le Blois et al., 1990). To stabilize the avirulent virus, a 
SAG2 virus was selected with an additional Mab (Lafay et al., 1994). SAG2 bears 
double mutations at position 333, changing from arginine (AGA) to glutamic acid 
(GAA), which reduces further the possibility of the virus to revert to virulent 



wild-type (wt) (Schumacher et al., 1993; Lafay et al., 1994). The SAG2 virus is 
avirulent for adult rodents, foxes, cats, and dogs by any route of inoculation 
(Schumacher et al., 1993; Lafay et al., 1994). Oral vaccination of foxes and dogs 
has resulted in the protection against a lethal challenge with rabies virus. Field 
trials with SAG2 in immunizing foxes and dogs demonstrated its safety and 
immunogenicity (Masson et al., 1996). However, SAG2 can induce rabies in 
suckling animals by i.e. inoculation (Schumacher et al., 1993; Lafay et al., 1994), 
raising the possibility that younger animals or immunocompromised animals may 
still be infected with the virus and develop disease. 

These selected mutant viruses with changes on the arginine 333 of the G 
replicate well in cell culture, suggesting that the rate of viral replication of these 
viruses is not affected (Lafay et al., 1994). However, investigation of the ability 
of these viruses to invade the nervous system revealed that the virus can invade the 
first order neurons but fails to spread to secondary or tertiary neurons, indicating 
that the ability of these mutant viruses to spread in the nervous system via synaptic 
junctions is reduced (Coulon et al., 1989). Synaptic spreading is the major route 
for virus dissemination in the adult CNS (Gosztonyi et al., 1993). In the neonatal 
animals, synaptic spreading may not be the only way for virus dissemination. 
Because myelin development may not be complete in neonatal animals, the rabies 
virus may also spread from infected to uninfected neurons in neonatal animals by 
budding from infected neurons and infecting other uninfected neurons, more or 
less like that in cell cultures (Dietzschold et al., 1985). Therefore, reducing the 
rate of viral replication may be necessary to develop avirulent rabies virus 
vaccines. Like other single-stranded, non-segmented RNA viruses, rabies virus 
transcription and replication is regulated by the complicated interaction between 
the components within the ribonucleoprotein complex (RNP). RNP is composed 
of the genomic RNA, which is encapsidated by the nucleoprotein (N), together 
with the phosphoprotein (P) and the RNA-dependent RNA polymerase (L) 
(Wunner, 1991). Theoretically, mutation of these viral proteins may result in a 
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reduced rate of replication for the rabies virus. With the recent development of 
reverse genetics technology for negative-stranded RNA viruses (Enami et al., 
1990; Pattnaik et al., 1990; Pattnaik et al., 1991; Conzelmann et al., 1994; 
Schnell et al., 1994), manipulation of the viral genome for this group of viruses 

5 became possible (Conzelmann et al. , 1994; Schnell et al. , 1994; Lawson et al. , 

1995; Whelan et al., 1995). Application of this technology has resulted in a better 
understanding of how this group of viruses regulates their transcription and 
replication (Enami et al., 1990; Pattnaik et al., 1990; Pattnaik et al., 1991; 
Conzelmann et al., 1994; Schnell et al., 1994; Lawson et al., 1995; Whelan et al., 

10 1995) and how each of the viral proteins functions in the replication cycle 
(Pattnaik et al., 1990) and in their pathogenicity (Etessami et al., 2000). 
Application of this technology has also resulted in attenuation of these viruses and 
some of them could be developed as vaccines (Wertz et al., 1998) or vectors for 
gene therapy (Finke et al. , 1997) . 

15 N is the first product transcribed from the viral genome and is expressed 

abundantly in infected cells for all the negative-stranded RNA viruses (Wunner, 
1991). N has been proposed to play a crucial role in the transition from RNA 
transcription to replication by encapsidating the nascent genomic RNA (Wunner, 
1991). Mutation of the N could potentially lead to an attenuated phenotype. 

20 Indeed, moving the nucleoprotein (N) to other locations on the viral genome 

resulted in attenuation of vesicular stomatitis virus (VSV) (Wertz et al., 1998). 
This is caused by the inhibition of viral replication because of the reduced 
expression of the N protein. Recently, we have constructed mutant rabies virus 
with changes on the phosphorylation site of the N and found that the rate of viral 

25 replication was reduced by more than five-fold and the virus production was 

reduced by more than 10,000 times, indicating attenuation of the mutant rabies 
viruses (Wu et al., 2002). 

Rabies still presents a public health threat causing more than 70,000 human 
deaths each year. Humans get infected with the rabies virus mostly through bites 
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firom rabid domestic and wildlife animals. Controlling rabies virus infection in 
domestic and wildlife animals, therefore, not only reduces the mortality in these 
animals but also reduces the risks of human exposure. Pre-exposure vaccinations 
for people who are constantly at risk further prevent human rabies, as do 
5 post-exposure immunizations for people who are bitten by rabid or suspected rabid 
animals. In the past few years, a recombinant vaccinia virus expressing rabies 
virus glycoprotein (VRG) has been used to control rabies in wildlife. Inactivated 
rabies virus vaccines are used to immuniz e domestic animals, particularly pets. 
Purified and inactivated rabies virus vaccines are used for humans in the pre- or 

10 post-exposure settings. Although these vaccines are effective, annual vaccinations 
are required to maintain adequate immunity in pets. For humans, multiple doses 
of the inactivated tissue culture vaccines are required to stimulate optimal immune 
responses. Furthermore, current tissue culture vaccines are expensive; thus most 
people in need of vaccinations (in developing countries) cannot afford them. 

15 Hence, there is a need to develop more efficacious and affordable rabies virus 
vaccines. 

Therefore, in view of the aforementioned deficiencies attendant with prior 
art methods of vaccinating humans and animals against rabies virus, it should be 
apparent that there still exists a need in the art for a safe and cost-effective method 
20 therefor. 



SUMMARY OF THE INVENTION 

In accordance with the present invention, a mutant virus is provided which 
contains a mutation at a phosphorylation site in one or more of the proteins of the 
virus, which mutation causes the virus to be attenuated, and therefore, an 
25 improved vaccine composition can be produced therewith. 

In particular, a mutant rabies virus is provided, wherein the virus contains 
a mutant rabies virus N protein which has an amino acid other than serine at 
position 389. Additionally, the mutant virus may contain one or more mutations 
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within the N protein, or in other of the viral proteins, for example, in the G 
glycoprotein. 

The invention also relates to vaccine compositions which contain the 
mutant virus, as well as to methods of inducing an immune response, and of 
5 protecting mammals from infection by rabies virus. 

Also included in the invention are methods of producing the mutant virus 
and mutant viral proteins, including producing the mutant virus in a host cell 
which produces or even overproduces a wild-type counterpart of the mutant viral 
protein, which complements the other viral proteins such that production of the 
10 mutant viral particle is optimized. The invention also includes those host cells in 
which viral production is optimized. 

Also included within the invention are nucleic acids which encode the 
mutant viral protein(s), and nucleic acids which encode a portion of, or the entire 
viral nucleic acid sequence. In addition, the invention includes vectors containing 
15 the nucleic acid sequences, including expression vectors, and host cells 
transformed with the nucleic acid sequences. 

The invention also includes the viral proteins encoded by the mutant 
nucleic acids, vaccine compositions including the viral proteins, either alone or in 
combination with the intact virus, and to methods of inducing an immune response 
20 or protecting a mammal from infection, using the same. 

The invention also includes antibodies to the intact mutant virus and to the 
mutant viral proteins, and to methods of making and using the same. 

Also included in the invention are vectors suitable for delivering a gene to 
a cell of a human or animal, as well methods of delivery thereof. 

25 RRTRF DFSCRTPTTON OF THE DRAWINGS 

FIGURE 1 shows that N phosphorylation affects viral RNA transcription in 
the minigenome. BSR cells were infected with recombinant vaccinia virus vTF7-3 
and then transfected with plasmid pRP, pT7T-L, pSDI-CAT together with pRN 
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(RN), pRN-SA (SA), pRN-SG (SG), pRN-SD (SD), pRN-SN (SN), pRN-SE (SE) 
or pRN-SQ (SQ). Cells transfected with other plasmids but without N expressing 
plasmid (-N) were included as controls. Cells were harvested for measurement of 
CAT activity by the Quan-T-CAT assay. Error bars, standard deviations. 

Figure 2 demonstrates that rabies virus N phosphorylation affects both viral 
RNA transcription and replication. BSR cells infected and transfected as described 
in Fig. 1 were harvested for Northern blot hybridization or immunoprecipitation. 
Message RNA was purified from total RNA and genomic analogues were purified 
from immunoprecipitated RNP with polyclonal anti-N antibodies. These RNA 
preparations were hybridized with CAT cDNA probe. Total RNA was hybridized 
with a sense oligo probe for measurement of negative-sense RNA transcribed from 
the plasmid expressing the minigenome. N protein expressed in the cells were 
immunoprecipitated with polyclonal anti-N antibodies. 

Figure 3 depicts the effects of N concentrations on viral transcription. BSR 
cells were infected with recombinant vaccinia virus vTF7-3 and then transfected 
with plasmids pRP, pT7T-L, pSDI-CAT together with pRN, pRN-SA (SA), 
pRN-SD (SD), or pRN-SE (SE). Various concentrations (5, 10, 15, and 20 fig) of 
N or mutant N plasmids were used. Cells were harvested for CAT assay. 

Figure 4 depicts the virus growth curves for wt and mutant rabies viruses 
in BSR cells. BSR cells were infected with wt virus (LI 6) and mutant viruses 
(L16A, L16D, or L16E) at a multiplicity of infection (moi) of 1 ffu/cell and virus 
aliquots were removed at indicated time points and subjected to virus titration. 

Figure 5 shows the detection of viral transcripts and genomic RNA with 
either rabies virus N or G probe. Total RNA was prepared from BSR cells 
infected with L16, L16A (A), L16D (D), or L16E (E) and was hybridized with N 
probe (left panel) or the G probe (right panel). The respective mRNAs, the 
genomic RNA, and the possible readthrough (RT) transcripts and/or 
defective-interfering (DI) RNA are also indicated. The total RNA was also 
hybridized with a P actin probe (lower panel). The amount of N and G transcripts 
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and genomic RNA products in relation to that of the wt virus were quantitated by 
densitometry. 

Figure 6 shows that N phosphorylation also modulates viral transcription. 
BSR cells were infected with L16, L16A (A), L16D (D), or L16E (E); treated 1 
5 hour later either without (A) or with (B) CHX; and harvested at the indicated time 
points for total-RNA isolation. The RNA was hybridized with an N probe. The 
respective mRNAs, the genomic RNA, and the possible RT transcripts are also 
indicated. The total RNA was also hybridized with a p actin probe (bottom). The 
amounts of N transcripts in relation to that for the wt virus were quantitated by 

10 densitometry. 

Figure 7 shows the quantitation of the ratio between genomic RNA and 
antigenomic RNA in the infected cells and purified virions. Total RNAs from 
infected cells or purified virions were hybridized with either the sense probe or the 
antisense riboprobes prepared from pRN by in vitro transcription. The levels of 

15 genomic and antigenomic RNA were determined by densitometry. 

Figure 8 shows a proposed model of N phosphorylation and its function in 
viral transcription and replication. N, once synthesized, interacts with P and/or L. 
At this stage, the N is not phosphorylated. It is possible that through the 
interaction of N with (encapsidation of) genomic RNA, the N goes through 

20 conformational changes, which expose the site for phosphorylation. Once the N is 
phosphorylated, the charge repulsion between the genomic RNA and N helps the L 
gain access to the genomic template for the initiation of viral RNA transcription 
and replication. 

Figure 9 shows the complete rabies nucleic acid sequence. (L16 (nt 
25 1235-1237), TCT encoding serine on N protein is bolded and underlined.) Figure 
9A shows the wild-type L16 sequence (SEQ ID NO:55). Figure 9B shows the 
L16A sequence (SEQ ID NO: 56), wherein serine has been replaced with alanine 
on the N sequence. Figure 9C shows the L16Q sequence (SEQ ID NO:57), 
wherein serine has been replaced with glutamine on the N sequence. Figure 9D 
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shows the L16QG333 sequence (SEQ ED NO:58), wherein serine has been 
replaced with glutamine on the N protein at nt 1235-1237 [TCT to CAA] 
(underlined and bolded) and arginine has been replaced with glutamic acid at nt 
4370-4372 [AGA to GAA] (underlined, bolded and italicized). 
5 Figure 10 shows the nucleic acid sequence of the rabies virus G protein. 

Figure 10A (SEQ ID NO:59) shows the Arg 333 as underlined. Figure 10B (SEQ 
ID NO:60) shows Glu which has replaced Arg at position 333. 

Figure 1 1 shows the nucleic acid sequence of the rabies virus N protein. 
Figure 1 1A shows wild-type sequence (SEQ ID NO:61), in which the 
10 phosphorylated serine is underlined. Figure 11B (SEQ ID NO:62) shows the 

Serine to Alanine mutation (underlined). Figure 11C (SEQ ID NO:63) shows the 
Serine to Glycine mutation (underlined). Figure 11D (SEQ ID NO:64) shows the 
Serine to Glutamine mutation (underlined). 

DETAILED DESCRIPTION 

15 The present invention relates to effective and affordable virus vaccines for 

humans as well as for animals, to methods of making the same, and to methods of 
using the same for inducing an immune response, preferably a protective immune 
response in animals and humans. Suitable viruses include, but are not limited to, 
measles, Respiratory Syncytial virus (RSV), ebola virus and influenza virus, 

20 Sendai virus, and bovine RSV. 

In particular, the invention relates to avirulent live virus vaccines 
containing mutant virus in which the phosphorylation on the N nucleoprotein has 
been disrupted. Suitable viruses include, but are not limited to, measles, 
Respiratory Syncytial virus (RSV), ebola virus and influenza virus, which are all 

25 phosphorylated on the N protein. The phosphorylation is disrupted by any suitable 
means, including alteration of the phosphorylation site by insertion, deletion or 
preferably by substitution. In addition, the phosphorylation may be disrupted by 
changes in other portions of the N protein, such as a consensus sequence at 
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another site in the N protein. Preferably, the N protein has an amino acid other 
than serine at position 389, preferably a neutral amino acid, and more preferably, 
alanine. Preferably, the mutant rabies virus is encoded by one of the sequences of 
Figure 8, the mutant rabies virus N protein is encoded by one of the sequences of 
Figure 9, and/or the mutant rabies virus G protein is encoded by one of the 
sequences of Figure 10. 

The N protein may be mutated so as to affect the binding of the N protein 
to RNA, to a phosphate moiety, or to itself. This modulation of the binding 
properties of the N nucleoprotein affects vital functions of the virus, such as 
replication. 

In a preferred embodiment, the present invention is directed to avirulent 
live rabies virus vaccines containing mutant virus in which the phosphorylation on 
the N nucleoprotein has been disrupted, either by insertion, deletion, substitution, 
or other appropriate means. Preferably, the virus has a reduced rate of viral 
replication (by mutating the nucleoprotein N or by reshuffling the genes within the 
rabies virus genome). In a preferred embodiment a serine at position 389 of the N 
nucleoprotein is substituted with alanine, glycine, glutamine, glutamic acid, 
aspartic acid or asparagine. 

In a preferred embodiment, the viruses also have a reduced ability to 
spread in the nervous system (by mutation of the glycoprotein G), preferably at 
position 333 of the G glycoprotein. 

The mutant viruses may also preferably have more than one change in 
either or both of the N and G proteins, such that the chances of reversion to a 
wild-type (WT) phenotype are reduced. 

Any strain of rabies virus can be used in which the phosphorylation site is 
conserved. The phosphorylation site on the N protein of all presently known 
rabies viruses is conserved. 

In addition, the mutant virus of the invention may contain a G glycoprotein 
of another type of virus, in order to direct the tropism of the virus within the body. 
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Thus, the viruses of the present invention are likewise useful in gene therapy, for 
administering therapeutic or immunogenic proteins to the human or animal in 
which it is administered. 

In particular, the rabies virus G glycoprotein causes a tropism for CNS 
5 cells, and thus is suitable for treating diseases of the CNS such as cancer, 
including but not limited to neuroblastoma, and neurodegenerative diseases 
including, but not limited to, Alzheimer's Disease, Parkinson's Disease, 
Huntington's Disease. Likewise, the human immunodeficiency virus (HIV) G 
protein causes a tropism for T cells, and thus is suitable for treating T-cell 
10 mediated disorders by gene delivery thereto, including various cancers, and 
diseases affecting T-cells, including HIV. 

The vesicular stomatitis virus (VSV) G glycoprotein is pantropic, and thus 
may be used for administration to various cell types. The RSV G glycoprotein 
causes a tropism for epithelia, and thus is suitable for direction to the lung and 
15 treatment of disorders thereof, including, but not limited to, cystic fibrosis. 

The invention also relates to methods of using the mutant virus for inducing 
an immune response, and preferably, a protective immune response in a human or 
animal. 

Also included in the invention are host cells for producing the mutant 
20 virus, as well as a method of producing the same. Preferably, the host cell is a 

mammalian host cell which produces a wild-type rabies virus N protein, preferably 
a hamster cell, more preferably a BHK cell, and most preferably, a host cell which 
was deposited at the American Type Culture Collection, 10801 University 
Boulevard, Manassas, VA 20110-2209, USA, as deposit number ATCC 
25 PTA-3544 on July 20, 2001 . 

Mutation on both the G and N or relocation of these genes leads to 
attenuation of the virus to an extent that the virus no longer causes disease in 
animals at any age and by any route of infection; yet, it can induce immune 
responses that provide protection against virulent rabies virus challenge. This is 
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based on recent studies showing the following. 1) Mutation of the phosphorylated 
serine at 389 of the N to alanine reduced the rate of viral replication by more than 
five-fold and virus production by more than 10,000 times. 2) Mutation of the G at 
residue 333 reduced dramatically the virulence and pathogenicity of rabies virus. 
3) Rearrangement of the genes in a related virus, vesicular stomatitis virus (VSV), 
resulted in attenuation and enhancement of its immune responses. Rabies viruses 
with mutations on both the G and N or with rearranged genes are further 
attenuated than currently available attenuated rabies viruses (still induce rabies in 
neonatal animals). Further attenuated rabies viruses which are incapable of 
inducing diseases in experimental animals at any age and by any route of 
inoculation, yet remain immunogenic, can be developed into modified live rabies 
vaccines for humans and animals. 

Alternatively, the vaccine of the present invention may contain isolated 
mutant N protein, in the absence of intact virus. Because the N phosphorylation 
mutant aggregates to a larger extent than its wild-type counterpart, it may have 
increased adjuvant effects compared to compositions containing wild-type N. 

The vaccine compositions of the invention may contain an adjuvant, 
including, but not limited to, hepatitis B surface antigen (HbsAg) or the rabies 
virus G protein. The vaccine may be prepared using any pharmaceutical^ 
acceptable carrier or vehicle, including Hanks basic salt solution (HBSS) or 
phosphate buffered saline (PBS). The vaccine compositions can be administered 
by any known route, including intradermal, intramuscular and subcutaneous, 
which are preferred, as well as oral, via skin (epidermal abrasion) or intranasal. 

In accordance with the present invention there may be employed 
conventional molecular biology, microbiology, immunology, and recombinant 
DNA techniques within the skill of the art. Such techniques are explained fully in 
the literature. See, e.g., Sambrook et al, "Molecular Cloning: A Laboratory 
Manual" (3 rd edition, 2001); "Current Protocols in Molecular Biology" Volumes I- 
m [Ausubel, R. M., ed. (1999 and updated bimonthly)]; "Cell Biology: A 
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Laboratory Handbook" Volumes I-m [J. E. Celis, ed. (1994)]; "Current Protocols 
in Immunology" Volumes I-IV [Coligan, J. E., ed. (1999 and updated 
bimonthly)]; "Oligonucleotide Synthesis" (M.J. Gait ed. 1984); "Nucleic Acid 
Hybridization" [B.D. Haines & S.J. Higgins eds. (1985)]; "Transcription And 
Translation" [B.D. Hames & SJ. Higgins, eds. (1984)]; "Culture of Animal Cells, 
4 th edition" [R.I. Freshney, ed. (2000)]; "Immobilized Cells And Enzymes" [IRL 
Press, (1986)]; B. Perbal, "A Practical Guide To Molecular Cloning" (1988); 
Using Antibodies: A Laboratory Manual: Portable Protocol No. /, Harlow, Ed and 
Lane, David (Cold Spring Harbor Press, 1998); Using Antibodies: A Laboratory 
Manual, Harlow, Ed and Lane, David (Cold Spring Harbor Press, 1999). 

Therefore, if appearing herein, the following terms shall have the 
definitions set out below. 

A "replicon" is any genetic element (e.g., plasmid, chromosome, virus) 
that functions as an autonomous unit of DNA replication in vivo; i.e., capable of 
replication under its own control. 

A "vector" is a replicon, such as plasmid, phage or cosmid, to which 
another DNA segment may be attached so as to bring about the replication of the 
attached segment. 

A "DNA molecule" refers to the polymeric form of deoxy ribonucleotides 
(adenine, guanine, thymine, or cytosine) in its either single stranded form, or a 
double-stranded helix. This term refers only to the primary and secondary 
structure of the molecule, and does not limit it to any particular tertiary forms. 
Thus, this term includes double-stranded DNA found, inter alia, in linear DNA 
molecules (e.g., restriction fragments), viruses, plasmids, and chromosomes. In 
discussing the structure of particular double-stranded DNA molecules, sequences 
may be described herein according to the normal convention of giving only the 
sequence in the 5' to 3' direction along the nontranscribed strand of DNA (i.e., the 
strand having a sequence homologous to the mRNA). 
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An "origin of replication" refers to those DNA sequences that participate in 
DNA synthesis. 

A DNA "coding sequence" is a double-stranded DNA sequence which is 
transcribed and translated into a polypeptide in vivo when placed under the control 
5 of appropriate regulatory sequences. The boundaries of the coding sequence are 
determined by a start codon at the 5 1 (amino) terminus and a translation stop codon 
at the 3 1 (carboxyl) terminus. A coding sequence can include, but is not limited 
to, prokaryotic sequences, cDNA from eukaryotic mRNA, genomic DNA 
sequences from eukaryotic (e.g., mammalian) DNA, and even synthetic DNA 

10 sequences. A polyadenylation signal and transcription termination sequence will 
usually be located 3' to the coding sequence. 

Transcriptional and translational control sequences are DNA regulatory 
sequences, such as promoters, enhancers, polyadenylation signals, terminators, 
and the like, that provide for the expression of a coding sequence in a host cell. 

15 A "promoter sequence" is a DNA regulatory region capable of binding 

RNA polymerase in a cell and initiating transcription of a downstream (3* 
direction) coding sequence. For purposes of defining the present invention, the 
promoter sequence is bounded at its 3 1 terminus by the transcription initiation site 
and extends upstream (5 f direction) to include the minimum number of bases or 

20 elements necessary to initiate transcription at levels detectable above background. 
Within the promoter sequence will be found a transcription initiation site 
(conveniently defined by mapping with nuclease SI), as well as protein binding 
domains (consensus sequences) responsible for the binding of RNA polymerase. 
Eukaryotic promoters will often, but not always, contain "TATA" boxes and 

25 "CAT" boxes. Prokaryotic promoters contain Shine-Dalgarno sequences in 
addition to the -10 and -35 consensus sequences. 

An "expression control sequence" is a DNA sequence that controls and 
regulates the transcription and translation of another DNA sequence. A coding 
sequence is "under the control" of transcriptional and translational control 
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sequences in a cell when RNA polymerase transcribes the coding sequence into 
mRNA, which is then translated into the protein encoded by the coding sequence. 

A "signal sequence" can be included before the coding sequence. This 
sequence encodes a signal peptide, N-terminal to the polypeptide, that 
5 communicates to the host cell to direct the polypeptide to the cell surface or secrete 
the polypeptide into the media, and this signal peptide is clipped off by the host 
cell before the protein leaves the cell. Signal sequences can be found associated 
with a variety of proteins native to prokaryotes and eukaryotes. 

The term "oligonucleotide," as used herein in referring to the probe of the 
10 present invention, is defined as a molecule comprised of two or more 

ribonucleotides, preferably more than three. Its exact size will depend upon many 
factors which, in turn, depend upon the ultimate function and use of the 
oligonucleotide. 

The term "primer" as used herein refers to an oligonucleotide, whether 
15 occurring naturally as in a purified restriction digest or produced synthetically, 
which is capable of acting as a point of initiation of synthesis when placed under 
conditions in which synthesis of a primer extension product, which is 
complementary to a nucleic acid strand, is induced, i.e., in the presence of 
nucleotides and an inducing agent such as a DNA polymerase and at a suitable 
20 temperature and pH. The primer may be either single-stranded or double-stranded 
and must be sufficiently long to prime the synthesis of the desired extension 
product in the presence of the inducing agent. The exact length of the primer will 
depend upon many factors, including temperature, source of primer and use of the 
method. For example, for diagnostic applications, depending on the complexity of 
25 the target sequence, the oligonucleotide primer typically contains 15-25 or more 
nucleotides, although it may contain fewer nucleotides. 

The primers herein are selected to be "substantially" complementary to 
different strands of a particular target DNA sequence. This means that the primers 
must be sufficiently complementary to hybridize with their respective strands. 
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Therefore, the primer sequence need not reflect the exact sequence of the template. 
For example, a non-complementary nucleotide fragment may be attached to the 5' 
end of the primer, with the remainder of the primer sequence being 
complementary to the strand. Alternatively, non-complementary bases or longer 
sequences can be interspersed into the primer, provided that the primer sequence 
has sufficient complementarity with the sequence of the strand to hybridize 
therewith and thereby form the template for the synthesis of the extension product. 

As used herein, the terms "restriction endonucleases" and "restriction 
enzymes" refer to bacterial enzymes, each of which cut double-stranded DNA at 
or near a specific nucleotide sequence. 

A cell has been "transformed" by exogenous or heterologous DNA when 
such DNA has been introduced inside the cell. The transforming DNA may or 
may not be integrated (covalently linked) into chromosomal DNA making up the 
genome of the cell. In prokaryotes, yeast, and mammalian cells for example, the 
transforming DNA may be maintained on an episomal element such as a plasmid. 
With respect to eukaryotic cells, a stably transformed cell is one in which the 
transforming DNA has become integrated into a chromosome so that it is inherited 
by daughter cells through chromosome replication. This stability is demonstrated 
by the ability of the eukaryotic cell to establish cell lines or clones comprised of a 
population of daughter cells containing the transforming DNA. A "clone" is a 
population of cells derived from a single cell or common ancestor by mitosis. A 
"cell line" is a clone of a primary cell that is capable of stable growth in vitro for 
many generations. 

Two DNA sequences are "substantially homologous" when at least about 
75% (preferably at least about 80%, and most preferably at least about 90 or 95%) 
of the nucleotides match over the defined length of the DNA sequences. 
Sequences that are substantially homologous can be identified by comparing the 
sequences using standard software available in sequence data banks, or in a 
Southern hybridization experiment under, for example, stringent conditions as 
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defined for that particular system. Defining appropriate hybridization conditions 
is within the skill of the art. See, e.g., Maniatis et al., supra; DNA Cloning, 
Vols. I & EE, supra; Nucleic Acid Hybridization, supra. 

It is well known in the art that the following codons can be used 
interchangeably to code for each specific amino acid: 
Phenylalanine (Phe or F) UUU or UUC 

Leucine (Leu or L) UUA or UUG or CUU or CUC or CUA or CUG 

Isoleucine (lie or I) AUU or AUC or AUA 

Methionine (Met or M) AUG 

Valine (Val or V) GUU or GUC of GUA or GUG 

Serine (Ser or S) UCU or UCC or UCA or UCG or AGU or AGC 

Proline (Pro or P) CCU or CCC or CCA or CCG 

Threonine (Thr or T) ACU or ACC or ACA or ACG 

Alanine (Ala or A) GCU or GCG or GCA or GCG 

Tyrosine (Tyr or Y) UAU or UAC 

Histidine (His or H) CAU or CAC 

Glutamine (Gin or Q) C AA or CAG 

Asparagine (Asn or N) AAU or AAC 

Lysine (Lys or K) AAA or AAG 

Aspartic Acid (Asp or D) GAU or GAC 

Glutamic Acid (Glu or E) GAA or GAG 

Cysteine (Cys or C) UGU or UGC 

Arginine (Arg or R) CGU or CGC or CGA or CGG or AGA or AGG 

Glycine (Gly or G) GGU or GGC or GGA or GGG 

Tryptophan (Trp or W) UGG 

Termination codon UAA (ochre) or UAG (amber) or UGA (opal) 

It should be understood that the codons specified above are for RNA 
sequences. The corresponding codons for DNA have a T substituted for U. 
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Mutations can be made in the various viral proteins such that a particular 
codon is changed to a codon which codes for a different amino acid. Such a 
mutation may be easily made by making the fewest nucleotide changes possible. A 
substitution mutation of this sort can be made to change an amino acid in the 
5 resulting protein in a non-conservative manner (i.e., by changing the codon from 
an amino acid belonging to a grouping of amino acids having a particular size or 
characteristic to an amino acid belonging to another grouping) or in a conservative 
manner (i.e., by changing the codon from an amino acid belonging to a grouping 
of amino acids having a particular size or characteristic to an amino acid belonging 

10 to the same grouping). Such a conservative change generally leads to less change 
in the structure and function of the resulting protein. A non-conservative change 
is more likely to alter the structure, activity or function of the resulting protein, 
such as changes induced by the lack of phosphorylation on the N nucleoprotein. It 
may be preferable, in some cases, to effect more than one change in the viral 

15 protein, so as to reduce the possibility of reversion to the wild-type phenotype. 

The following is one example of various groupings of amino acids: 
Amino acids with nonpolar R groups 
Alanine 
Valine 

20 Leucine 
Isoleucine 
Proline 
Phenylalanine 
Tryptophan 

25 Methionine 

Amino acids with uncharged polar R groups 

Glycine 

Serine 

Threonine 
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Cysteine 
Tyrosine 
Asparagine 
Glutamine 

Amino acids with charged polar R groups (negatively charged at ph 6.0) 
Aspartic acid 
Glutamic acid 

Basic amino acids (positively charged at pH 6.0) 

Lysine 

Arginine 

Histidine (at pH 6.0) 

Another grouping may be those amino acids with phenyl groups: 
Phenylalanine 
Tryptophan 
Tyrosine 

Another grouping may be according to molecular weight (i.e., size 



groups): 




Glycine 


75 


Alanine 


89 


Serine 


105 


Proline 


115 


Valine 


117 


Threonine 


119 


Cysteine 


121 


Leucine 


131 


Isoleucine 


131 


Asparagine 


132 


Aspartic acid 


133 


Glutamine 


146 
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Lysine 



146 



Glutamic acid 



147 



Methionine 



149 



Histidine (at pH 6.0) 

Phenylalanine 

Arginine 

Tyrosine 

Tryptophan 



155 



165 



174 



181 



204 



10 



15 



20 



Particularly preferred substitutions are: 

- Lys for Arg and vice versa such that a positive charge may be maintained; 

- Glu for Asp and vice versa such that a negative charge may be maintained; 

- Ser for Thr such that a free -OH can be maintained; and 

- Gin for Asn such that a free NH 2 can be maintained. 

Amino acid substitutions may also be introduced to substitute an amino acid 
with a particularly preferable property. For example, a Cys may be introduced a 
potential site for disulfide bridges with another Cys. A His may be introduced as 
a particularly "catalytic" site (i.e., His can act as an acid or base and is the most 
common amino acid in biochemical catalysis). Pro may be introduced because of 
its particularly planar structure, which induces ^E-turns in the protein 1 s structure. 

Two amino acid sequences are "substantially homologous" when at least 
about 70% of the amino acid residues (preferably at least about 80%, and most 
preferably at least about 90 or 95%) are identical, or represent conservative 
substitutions. 

A "heterologous" region of the DNA construct is an identifiable segment of 
DNA within a larger DNA molecule that is not found in association with the larger 
molecule in nature. Thus, when the heterologous region encodes a mammalian 
gene, the gene will usually be flanked by DNA that does not flank the mammalian 
genomic DNA in the genome of the source organism. Another example of a 
heterologous coding sequence is a construct where the coding sequence itself is not 
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found in nature (e.g., a cDNA where the genomic coding sequence contains 
introns, or synthetic sequences having codons different than the native gene). 
Allelic variations or naturally-occurring mutational events do not give rise to a 
heterologous region of DNA as defined herein. 

An "antibody" is any immunoglobulin, including antibodies and fragments 
thereof, that binds a specific epitope. The term encompasses polyclonal, 
monoclonal, and chimeric antibodies, the last mentioned described in further detail 
in U.S. Patent Nos. 4,816,397 and 4,816,567. 

An "antibody combining site" is that structural portion of an antibody 
molecule comprised of heavy and light chain variable and hypervariable regions 
that specifically binds antigen. 

The phrase "antibody molecule" in its various grammatical forms as used 
herein contemplates both an intact immunoglobulin molecule and an 
immunologically active portion of an immunoglobulin molecule. 

Exemplary antibody molecules are intact immunoglobulin molecules, 
substantially intact immunoglobulin molecules and those portions of an 
immunoglobulin molecule that contains the paratope, including those portions 
known in the art as Fab, Fab', F(ab') 2 and F(v), which portions are preferred for 
use in the therapeutic methods described herein. 

Fab and F(ab')2 portions of antibody molecules are prepared by the 
proteolytic reaction of papain and pepsin, respectively, on substantially intact 
antibody molecules by methods that are well-known. See for example, U.S. 
Patent No. 4,342,566 to Theofilopolous et al. Fab* antibody molecule portions are 
also well-known and are produced from F(ab f ) 2 portions followed by reduction of 
the disulfide bonds linking the two heavy chain portions as with mercaptoethanol, 
and followed by alkylation of the resulting protein mercaptan with a reagent such 
as iodoacetamide. An antibody containing intact antibody molecules is preferred 
herein. 
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The phrase "monoclonal antibody" in its various grammatical forms refers 
to an antibody having only one species of antibody combining site capable of 
immunoreacting with a particular antigen. A monoclonal antibody thus typically 
displays a single binding affinity for any antigen with which it immunoreacts. A 
5 monoclonal antibody may therefore contain an antibody molecule having a 

plurality of antibody combining sites, each immunospecific for a different antigen; 
e.g., a bispecific (chimeric) monoclonal antibody. 

The phrase "pharmaceutically acceptable" refers to molecular entities and 
compositions that are physiologically tolerable and do not typically produce an 
10 allergic or similar untoward reaction, such as gastric upset, dizziness and the like, 
when administered to a human. 

The phrase "sufficient to protect an animal from infection" is used herein 
to mean an amount sufficient to prevent, and preferably reduce by at least about 30 
percent, more preferably by at least 50 percent, most preferably by at least 90 
15 percent, a clinically significant change in at least one feature of pathology 
normally caused by the disease. 

Clinically, the first symptoms of rabies in people may be nonspecific 
flu-like signs, such as malaise, fever, or headache. There may be discomfort or 
paresthesia at the site of exposure (bite), progressing within days to symptoms of 
20 cerebral dysfunction, anxiety, confusion, agitation, progressing to delirium, 
abnormal behavior, hallucinations, and insomnia. 

Cellular pathology of rabies infection is defined by encephalitis and 
myelitis, including perivascular infiltration with lymphocytes, polymorphonuclear 
leukocytes, and plasma cells throughout the entire CNS. There may be 
25 cytoplasmic eosinophilic inclusion bodies (Negri bodies) in neuronal cells, 

including pyramidal cells of the hippocampus and Purkinje cells of the cerebellum, 
and within neurons of the cortex and other regions of the CNS, including the 
spinal ganglia. 
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A DNA sequence is "operatively linked" to an expression control sequence 
when the expression control sequence controls and regulates the transcription and 
translation of that DNA sequence. The term "operatively linked" includes having 
an appropriate start signal (e.g., ATG) in front of the DNA sequence to be 
5 expressed and maintaining the correct reading frame to permit expression of the 
DNA sequence under the control of the expression control sequence and 
production of the desired product encoded by the DNA sequence. If a gene that 
one desires to insert into a recombinant DNA molecule does not contain an 
appropriate start signal, such a start signal can be inserted in front of the gene. 

10 The term "stringent hybridization conditions" refers to salt and temperature 

conditions substantially equivalent to 5 x SSC and 65°C for both hybridization and 
wash. However, one skilled in the art will appreciate that such "stringent 
hybridization conditions" are dependent on particular conditions including the 
concentration of sodium and magnesium in the buffer, nucleotide sequence length 

15 and concentration, percent mismatch, percent formamide, and the like. Also 

important in the determination of "stringent hybridization conditions" is whether 
the two sequences hybridizing are RNA-RNA, DNA-DNA or RNA-DNA. Such 
stringent hybridization conditions are easily determined by one skilled in the art 
according to well known formulae, wherein hybridization is typically 10-20°C 

20 below the predicted or determined T m with washes of higher stringency, if desired. 

The present invention further contemplates therapeutic compositions useful 
in practicing the therapeutic methods of this invention. A subject therapeutic 
composition includes, in admixture, a pharmaceutically acceptable excipient 
(carrier) and one or more of a mutant rabies virus, a mutant rabies virus 

25 polypeptide or fragment thereof, as described herein as an active ingredient. In a 
preferred embodiment, the composition comprises an antigen capable of inducing 
an immune response, and preferably a protective immune response against rabies. 

The preparation of therapeutic compositions which contain polypeptides, 
analogs or active fragments as active ingredients is well understood in the art. 
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Typically, such compositions are prepared as injectables, either as liquid solutions 
or suspensions, however, solid forms suitable for solution in, or suspension in, 
liquid prior to injection can also be prepared. The preparation can also be 
emulsified. The active therapeutic ingredient is often mixed with excipients which 
are pharmaceutical^ acceptable and compatible with the active ingredient. 
Suitable excipients are, for example, water, saline, dextrose, glycerol, ethanol, or 
the like and combinations thereof. In addition, if desired, the composition can 
contain minor amounts of auxiliary substances such as wetting or emulsifying 
agents, pH buffering agents which enhance the effectiveness of the active 
ingredient. 

A virus, polypeptide, or fragment thereof can be formulated into a 
therapeutic and/or immunogenic composition as neutralized pharmaceutical^ 
acceptable salt forms. Pharmaceutically acceptable salts include the acid addition 
salts (formed with the free amino groups of the polypeptide or antibody molecule) 
and which are formed with inorganic acids such as, for example, hydrochloric or 
phosphoric acids, or such organic acids as acetic, oxalic, tartaric, mandelic, and 
the like. Salts formed from the free carboxyl groups can also be derived from 
inorganic bases such as, for example, sodium, potassium, ammonium, calcium, or 
ferric hydroxides, and such organic bases as isopropylamine, trimethylamine, 
2-ethylamino ethanol, histidine, procaine, and the like. 

The therapeutic and/or immunogenic virus-, polypeptide-, or 
fragment-containing compositions are conventionally administered in a unit dose, 
for example. The term "unit dose" when used in reference to a therapeutic 
composition of the present invention refers to physically discrete units suitable as 
unitary dosage for humans, each unit containing a predetermined quantity of active 
material calculated to produce the desired therapeutic and/or immunogenic effect 
in association with the required diluent; i.e., carrier, or vehicle. 

The compositions are administered in a manner compatible with the dosage 
formulation, and in a therapeutically or immunogenically effective amount. The 
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quantity to be administered depends on the subject to be treated, capacity of the 
subject's immune system to utilize the active ingredient, and degree of expression 
desired. Precise amounts of active ingredient required to be administered depend 
on the judgment of the practitioner and are peculiar to each individual. However, 
for polypeptide administration, suitable dosages may range from about 0.1 to 20, 
preferably about 0.5 to about 10, and more preferably one to several, milligrams 
of active ingredient per kilogram body weight of individual per day and depend on 
the route of administration. For viral administration, suitable dosages may be 
from 10 5 infectious units (i.u.) to 10 7 i.u. Suitable regimes for initial 
administration and booster shots are also variable, but are typified by an initial 
administration followed by repeated doses at 7 day intervals by a subsequent 
injection or other administration. 

The therapeutic compositions may further include one or more of the 
following active ingredients: an antibiotic, a steroid. 

Another feature of this invention is the expression of the DNA sequences 
operably inserted into the viruses disclosed herein. As is well known in the art, 
DNA sequences may be expressed by operatively linking them to an expression 
control sequence in an appropriate expression vector and employing that 
expression vector to transform an appropriate host. 

Such operative linking of a DNA sequence of this invention to an 
expression control sequence, of course, includes, if not already part of the DNA 
sequence, the provision of an initiation codon, ATG, in the correct reading frame 
upstream of the DNA sequence. 

A wide variety of host/expression vector combinations may be employed in 
expressing the DNA sequences encoding viral proteins of this invention. Useful 
expression vectors, for example, may consist of segments of chromosomal, 
non-chromosomal and synthetic DNA sequences. Suitable vectors include 
derivatives of SV40 and known bacterial plasmids, e.g., E. coli plasmids col El, 
pCRl, pBR322, pMB9 and their derivatives, plasmids such as RP4; phage DNAS, 
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e.g., the numerous derivatives of phage*, e.g., NM989, and other phage DNA, 
e.g., M13 and filamentous single stranded phage DNA; yeast plasmids such as the 
2fi plasmid or derivatives thereof; vectors useful in eukaryotic cells, such as 
vectors useful in insect (baculovirus) or mammalian cells; vectors derived from 
combinations of plasmids and phage DNAs, such as plasmids that have been 
modified to employ phage DNA or other expression control sequences; and the 
like. 

Any of a wide variety of expression control sequences — sequences that 
control the expression of a DNA sequence operatively linked to it — may be used 
in these vectors to express the DNA sequences of this invention. Such useful 
expression control sequences include, for example, the early or late promoters of 
SV40, CMV, vaccinia, polyoma or adenovirus, the lac system, the trp system, the 
TAC system, the TRC system, the LTR system, the major operator and promoter 
regions of phage A, the control regions of fd coat protein, the promoter for 
3-phosphoglycerate kinase or other glycolytic enzymes, the promoters of acid 
phosphatase (e.g., Pho5), the promoters of the yeast a-mating factors, and other 
sequences known to control the expression of genes of prokaryotic or eukaryotic 
cells or their viruses, and various combinations thereof. 

A wide variety of host cells are also useful in expressing the DNA 
sequences encoding viral proteins of this invention. These hosts may include well 
known eukaryotic and prokaryotic hosts, such as strains of E. coli, Pseudomonas , 
Bacillus, Streptomyces , fungi such as yeasts, and animal cells, such as CHO, Rl.l, 
B-W and L-M cells, African Green Monkey kidney cells (e.g., COS 1, COS 7, 
BSC1, BSC40, and BMT10), insect cells (e.g., Sf9), BHK cells, and human cells 
and plant cells in tissue culture. 

It will be understood that not all vectors, expression control sequences and 
hosts will function equally well to express the DNA sequences of this invention. 
Neither will all hosts function equally well with the same expression system. 
However, one skilled in the art will be able to select the proper vectors, expression 
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control sequences, and hosts without undue experimentation to accomplish the 
desired expression without departing from the scope of this invention. For 
example, in selecting a vector, the host must be considered because the vector 
must function in it. The vector's copy number, the ability to control that copy 
5 number, and the expression of any other proteins encoded by the vector, such as 
antibiotic markers, will also be considered. 

In selecting an expression control sequence, a variety of factors will 
normally be considered. These include, for example, the relative strength of the 
system, its controllability, and its compatibility with the particular DNA sequence 

10 or gene to be expressed, particularly as regards potential secondary structures. 
Suitable mutant viral vectors will be selected by consideration of, e.g., their 
replicative capacity as well as the toxicity to the host of the product encoded by the 
DNA sequences to be expressed, or by the mutant virus. 

Considering these and other factors a person skilled in the art will be able 

15 to construct a variety of vector/expression control sequence/host combinations that 
will express the DNA sequences of this invention. 

It is further intended that other mutant viral proteins may be prepared from 
nucleotide sequences of the present invention. Analogs, such as fragments, may 
be produced, for example, by pepsin digestion of viral polypeptide material. 

20 Other analogs, such as muteins, can be produced by standard site-directed 
mutagenesis of sequences encoding viral proteins. Mutants exhibiting 
immunogenic or protective activity, may be identified by known in vivo and/or in 
vitro assays. 

As mentioned above, a DNA sequence encoding the virus or viral proteins 
25 can be prepared synthetically rather than cloned. The complete sequence is 

assembled fronToverlapping oligonucleotides prepared by standard methods and 
assembled into a complete coding sequence. See, e.g., Edge, Nature, 292:756 
(1981); Nambair et al., Science, 223:1299 (1984); Jay et al., J. Biol. Chem., 
259:6311 (1984). 
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Synthetic DNA sequences allow convenient construction of genes which 
will express viral protein mutants or "muteins". Alternatively, DNA encoding 
muteins can be made by site-directed mutagenesis of native viral genes or cDNAs, 
and muteins can be made directly using conventional polypeptide synthesis. 

A general method for site-specific incorporation of unnatural amino acids 
into proteins is described in Christopher J. Noren, Spencer J. Anthony-Cahill, 
Michael C. Griffith, Peter G. Schultz, Science, 244:182-188 (April 1989). This 
method may be used to create analogs with unnatural amino acids. 

The following examples are presented in order to more fully illustrate the 
preferred embodiments of the invention. They should in no way be construed, 
however, as limiting the broad scope of the invention. 

EXAMPLE 1 

Rabies virus N preferentially encapsidates genomic RNA. Rabies virus 
N, like other N from negative-stranded RNA viruses, plays important roles in the 
regulation of viral transcription and replication by encapsidating de novo 
synthesized genomic RNA (Yang et al., 1998). To investigate the function of 
rabies virus N, rabies virus N was expressed in the baculovirus system and 
purified the N to near homogeneity by affinity chromatography (Fu et al., 1991). 
When the purified N was used to encapsidate RNA, it was found that N bound to 
all RNA transcripts tested (Yang et al., 1998). These include rabies virus 
positive-stranded leader RNA (L-70), the 5' end of rabies virus N mRNA (N-70), 
and a control nonviral RNA (bluescript RNA, B-70). However, the interaction 
between recombinant N and the rabies virus leader RNA was at least three times 
greater than that between recombinant N and N mRNA and 10 times greater than 
that between recombinant N and the control RNA, indicating that N preferentially 
encapsidates the positive-stranded leader RNA. 
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AMPLE 2 

Phosphorylation of rabies vims N modulates viral transcription and 
replication. Rabies virus N is phosphorylated (Sokol et al., 1973) and its 
phosphorylation site has been identified as serine at position 389 (Dietzschold et 
5 al., 1987). Because N plays important roles in regulating viral transcription and 
replication by encasidating de novo synthesized genomic RNA (Wunner, 1991), 
phosphorylation of N may affect viral transcription and replication. To determine 
whether phosphorylation of N plays a regulatory role in viral transcription and 
replication, the reverse genetics system described by Conzelmann and Schnell 

10 (Conzelmann et al., 1994) was used to express a rabies virus minigenome and 
directly test the effects of N phosphorylation on viral RNA transcription and 
replication. The minigenome was expressed from the plasmid pSDI-CAT directed 
by T7 polymerase. When expressed in cells, the minigenomic RNA contains 68 
nucleotides from the 3'end and 169 nucleotides from the 5' end of the rabies virus 

15 genome flanked by the CAT coding sequences in between (Conzelmann et al., 

1994). Plasmid pSDI-CAT, together with pRP, pT7T-L, pT7T-G, pT7T-M, and 
pRN or pRN-S389A, was transfected into BHK cells, and the cells were harvested 
48 hr after transfection. CAT activity was measured from the cellular extract by 
using the standard CAT assay. Strong CAT activity was detected in cells 

20 transfected with pRN. When the wt N was replaced with the mutated N (serine to 
alanine), only about 20% CAT activity was detected suggesting that the absence of 
N phosphorylation results in a decrease of viral transcription. However, when both 
the wt N and the mutant N were present, about 80% CAT activity was detected, 
indicating that the unphosphorylated N is not a dominant negative regulator (Yang 

25 et al., 1999, Appendix 1). 

To determine if N phosphorylation also affects viral replication, passage 
experiments were performed. The supernatant from the initial transfection was 
harvested and used for infection of fresh BHK cells transfected with pRP, pT7T-L, 
and pRN or pRN-S389A. The cells were harvested 48 hrs later for measurement 
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of CAT activity. The highest CAT activity (100%) was detected when the wt N 
was used in both the initial transfection and the subsequent passage experiment. 
When wt N was used in the initial transfection and the mutated N in the passage 
experiment, 43% CAT activity was detected; indicating that phosphorylation of N 
5 indeed affects transcription of the minigenome. When the mutated N was used in 
the initial transfection and the wt N in the passage experiment, 61 % CAT activity 
was detected, indicating that the mutant N supported replication of the minigenome 
in the initial transfection, albeit with lower efficiency. However, only 13% CAT 
activity was detected when the mutant N was used in both the initial transfection 
10 and the passage experiment, suggesting that the absence of N phosphorylation 
result in decreases of both viral RNA transcription and replication (Yang et al., 
1999; Appendix 1). 

EXAMPLE 3 

The serine at position 389 was mutated to alanine, aspartic acid, or 
15 glutamic acid and the effects of these mutations on rabies virus transcription and 
replication in the minigenome as well as with the full infectious virus were 
examined. Mutation of the serine to each of the other amino acids resulted in the 
synthesis of an unphosphorylated N and reduction of viral transcription and 
replication in the minigenome. Mutations from S to A and S to D also resulted in 
20 reduction of both viral transcription and replication in full-length infectious 

viruses. Growth curve studies indicated that production of the mutant virus with 
the S-to-A mutation (L16A) was as much as 10,000-fold less than that of the wild- 
type virus (L16). Northern blot hybridization with rabies virus gene probes 
revealed that the rates of viral transcription and replication were reduced by as 
25 much as 10-fold in the mutant viruses when the N was not phosphorylated. 
Interpretation of the data from the minigenome system and the full-length 
infectious virus indicates that phosphorylation of rabies virus N is necessary for 
replication. Further studies involving cycloheximide treatment of infected cells 
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revealed that viral transcription was also reduced when the N was not 
phosphorylated. Taken together, these results provide definitive evidence that N 
phosphorylation plays an important role in the processes of rabies virus 
transcription and replication. 
5 Cells, virus, plasmids, and antibodies. BSR (a clone of BHK) and BSR 

T7/5 (BSR cells stably expressing T7 polymerases, [BuchhoLz et al., 1999]) were 
grown in Dubecco's minimal essential medium and transfected with plasmids as 
described previously (Yang et al., 1999). Recombinant vaccinia virus expressing 
bacterial T7 RNA polymerase (vTF7-3) was prepared as described (Fuerst et al. , 

10 1986). Plasmids used for expression of the full infectious virus (pSAD-L16), 
rabies virus minigenome (pSDI-CAT), rabies virus L (pT7T-L), glycoprotein 
(pT7T-G), and matrix protein (pT7T-M) (Buchholz et al., 1999; Conzelmann et 
al., 1987; Schnell et al., 1984) were obtained from Dr. K. Conzelmann. Plasmids 
for expression of N (pRN) and P (pRP) were constructed previously (Fu et al., 

15 1994). Polyclonal antiserum against rabies virus N was prepared in rabbits as 
described previously (Fu et al., 1991). 

Site-directed mutagenesis. Mutation of the serine 389 of the rabies virus 
N to A, G, D, N, E, or Q was carried out by site-directed mutagenesis, using the 
method of Weiner et al (1994). Six pairs of primers were synthesized as 

20 summarized in Table 1 and were designed to contain one or two nucleotide 

changes that resulted in the mutation of the serine codon. PCR was performed 
with each of the three primer pairs using pRN (Fu et al. , 1994) as a template. The 
PCR products were subjected to digestion with Dpnl, which digests methylated 
and hemimethylated DNA at the G^ATC site, thereby digesting the pRN DNA 

25 template. The undigested PCR products (not methylated) were used to transform 
competent XL-1 Blue cells. The mutations in the plasmids were confirmed by 
nucleotide sequencing. 
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Table 1. Primers used to make mutations from serine at position 389 to 
alanine, aspartic acid, and glutamic acid on rabies virus N. (Bold letters 
represent the mutated codon) 



Primer ID 


Primer sequence 


Amino acid changed to 


SA5 (SEQ ID 
NO:l) 


5 'GATG ATGGAACTGTC AACGCTGACGACGAGG3 f 


Alanine 




SA3 (SEQ ID 
NO:2) 


5 'GT AGTCCTCGTCGTC AGCGTTG AC AGTTCC3 * 




SG5 (SEQ ID 
NO:3) j 


5 ' G ATG ATGG AACTGTC AACGGTG ACG ACG AGG3 ' 


Glycine 


SG3 (SEQ ID 
NO:4) 


5 1 GT AGTCCTCGTCGTC ACCGTTG AC AGTTCC3 ' 




SD5 (SEQ ID 
NO:5) 


5 ' G ATG ATGG AACTGTC AAC GATGACG ACGAGG3 ' 


Aspartic acid 


SD3 (SEQ ID 
NO:6) 


5 'GTAGTCCTCGTCGTC ATCGTTGAC AGTTCC3 * 




SN5 (SEQ ID 
NO:7) 


5 ' G ATG ATGGAACTGTC AAC AATGACGACGAGG3 ' 


Asparagine 


SN3 (SEQ ID 
NO:8) 


5 * GT AGTCCTCGTCGTC ATTGTTG AC AGTTCC3 1 j 




SE5 (SEQ ID 
NO: 9) 


5'GATGATGG AACTGTC AAC G AAG ACG ACGAGG3 ' 


Glutamic acid 




SE3 (SEQ ID 
NO: 10) 


5 ' GTAGTCCTCGTCGTCTTCGTTGAC AGTTCC3 * 




SQ5 (SEQ ID 
NO:ll) 


5* G ATG ATGG AACTGTC AACC A AG ACG ACG AGG3 1 


Glutamine 


SQ3 (SEQ ID 
NO: 12) 


5 ' GTAGTCCTCGTCGTCTTGGTTG AC AGTTCC3 1 
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To introduce the mutations on rabies virus N into the infectious clone, an 
SphI fragment containing the serine codon of the N from the full infectious clone 
(pSAD-L16) (nucleotide sequences 482-4041 of the rabies virus genome 
[Conzelmann et al., 1990]) was cloned into the SphI site of pGEM-3Z. The 
resulting plasmid was used as the template for construction of the mutations as 
described above for pRN. The serine at position 389 was mutated to alanine, 
aspartic acid, or glutamic acid in the surrogate vector. After confirmation by 
sequence analysis, each of the mutated SphI fragments was cloned back to 
pSAD-L16. Three mutated clones with the expected mutation and correct 
orientation were obtained and designated pSAD-L16A, pSAD-L16D, and 
pSAD-L16E, respectively. 

Transfection. Transfection of BSR cells with plasmids was performed as 
described previously (Yang et al., 1999). Briefly, BSR cells were infected with 
recombinant vaccinia virus (vTF7-3) at a multiplicity of infection (moi) of 5 
plaque-forming units (pfu) per cell. One h after infection, cells were transfected 
with different combinations of mixed plasmids using Lipofectamine (Life 
Technologies, Rockville, MD). Transfected cells were harvested at indicated time 
points for further analysis. 

Chloremphenicol actyl transferase (CAT) assay. CAT activities were 
measured with the Quan-T-CAT assay (Amersham Pharmacia Biotech, 
Piscataway, NJ) according to the manufacturer's protocol. Transfected cells were 
lysed, and the supernatants were incubated with biotinylated chloramphenicol and 
[ 3 H] acetyl coenzyme A. Then streptavidin-coated beads were added to the 
reaction. After the free radioactive materials were removed, the pellets were 
resuspended in scintillation fluid for quantitation by scintillation spectrometry. 
The CAT activities were expressed as counts per minute. The relative CAT 
activities in cells transfected with each of the mutated N proteins were calculated 
using the CAT activity in cells transfected with wt N as 100%. 
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Radiolabeling and immunoprecipitation of proteins* Transfected or 
infected BSR cells were labeled with either [ 35 S] methionine or [ 32 P] phosphoric 
acid (Amersham Pharmacia Biotech) as described previously (Yang et al., 1999). 
Cells were harvested and subjected to immunoprecipitation with anti-N antibodies 
5 followed by electrophoresis on 12% poly aery lamide/ 10% SDS gel and 
autoradiography . 

Northern and Western blotting. Transfected or infected BSR cells, or 
purified viruses were subjected to Northern and/or Western blotting. For 
Northern blotting, BSR cells were lysed with Trizon reagent (Life Technologies) 

10 and total RNA was prepared according to the manufacturer's specifications. Poly 
A+ mRNA was purified from total RNA by using the mRNA isolation kit (Roche, 
Indianapolis, IN). RNA preparations were denatured with a 10 mM sodium 
phosphate buffer (pH 7.4) containing 50% (v/v) formamide at 65°C for 15 min and 
electrophoresed on a 1.1% agarose gel containing 1 . 1 M formaldehyde and 10 mM 

15 sodium phosphate. The RNA then was transferred and covalently fixed onto a 

nylon membrane for hybridization with CAT, rabies virus gene, or p-actin probes. 
Quantitation of RNA bands was done by densitometry. For Western blots, BSR 
cells were lysed with RIPA buffer, and proteins were directly separated by 
SDS-PAGE. After transfer to a nitrocellulose membrane, rabies virus N was 

20 detected by rabbit anti-N polyclonal antibodies as described (Fu et al., 1991). 

Selection of mutant rabies viruses. Selection of mutant viruses was 
performed either in BSR cells infected with vTF7-3 (Fuerst et al., 1986), or in 
BSR T7/5 cells (Buchholz et al., 1999; Schnell et al., 2000). Briefly, BSR cells 
were infected with vTF7-3 at a moi of 1. One h later, the cells were transfected 

25 with 10 mg of pRN, 2.5 mg of pRP, 1 .5 mg of pT7T-L, and 10 mg of pSAD-L16, 
pSAD-L16A, pSAD-L16D, or pSAD-L16E. After incubation for 48 hr, cells 
were resuspended with the medium and subjected to three cycles of freezing and 
thawing to release cell-associated virus. Vaccinia virus was eliminated by 
centrifugation and then filtration through a 0.2 m filter unit (Millipore) as 
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described previously (Schnell et al 1994). Alternatively, BSR T7/5 cells were 
transfected with 10 mg of pSAD-16 or pSAD-L16A, together with 10 mg of 
pTIT-N, 2.5 mg of pTIT-P, and 2.5 mg TIT-L as described (Schnell et al., 2000). 
To confirm that the mutant viruses contain the desired mutations, total RNA was 
5 extracted from BSR cells infected with each of these viruses and subjected to PCR 
amplification for the N gene using primers (SEQ ED NOS: 13-14) lOg 
(5'CTACAAT(XjATGCC-GAC3') and 304 

(5 'TTGACGAAGATCTTGCTC AT3 ') as described previously (Smith et al., 
1991). These primers can amplify the complete N coding sequence from the 

10 genomic RNA. The amplified fragment was directly sequenced using primer 
(SEQ ID NO: 15) 113 (5 ' GT AGGATGCT AT ATGGG3 ' ) (Smith et al., 1991), 
which immediately precedes the area of the mutations on the N gene. The mutant 
viruses bearing S to A, S to D, and S to E mutations were designated L16A, 
L16D, and L16E, respectively. 

15 Virus growth curve. BSR cells growing in six-well plates were infected 

with wt or mutant rabies viruses at a moi of 1 ffu/cell. After incubation at 37°C 
for 1 hr, virus inocula were removed and cells were washed with PBS to remove 
any unabsorbed virus. The cells were replenished with fresh medium, and 100 ml 
of culture supernatant were removed at 6, 12, 24, 36, 48, 60, and 72 hr after 

20 infection. Virus aliquots were titrated in duplicate in BSR cells as described 
previously (Fu et al., 1996). 

Treatment of infected cells with CHX. * Cycloheximide (CHX) was 
pin-chased from Sigma (St. Louis, Mo.) and was added into cells infected with 
rabies virus at a final concentration of 150 Mg/ml 1 h after infection as described 

25 previously (3). At 6, 12, and 24 h after infection, cells were harvested and RNA 
was extracted for Northern blot hybridization. 

The effects of N phosphorylation on viral transcription and replication are 
probably caused at least in part by the net negative charge of the phosphate 
moiety. Previously, it was demonstrated that phosphorylation of rabies virus N 
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plays important roles in the process of viral transcription and replication (Yang et 
al., 1999). Mutation of the phosphoserine to alanine results in reduced 
transcription and replication of a rabies virus minigenome. To determine whether 
the effects of rabies virus N phosphorylation on viral transcription and replication 
5 are caused by the net negative charge of the phosphate moiety or the structure of S 
or both, the phosphorylated serine at position 389 of the N was mutated to A, G, 
D, N, E and Q. BSR cells were infected with recombinant vaccinia virus vTF7-3 
followed by transfection with plasmids expressing the rabies virus minigenome 
(pSDI-CAT), rabies virus L (pT7T-L), and rabies virus P (pRP), together with 

10 plasmids expressing rabies N or mutant N (pRN, pRN-SA, pRN-SG, pRN-SD, 

pRN-SN, pRN-SE or pRN-SQ), as described previously (Conzelmann and Schnell, 
1994; Yang et al., 1999). After incubation for 48 h, BSR cells were harvested, 
and CAT activities were measured using the Quan-T-CAT assay. The relative 
CAT activities, which are a measure of minigenome transcription in cells 

15 transfected with each of the mutated N plasmids, were calculated using the CAT 
activity in cells transfected with wt N as 100% . The results are summarized in 
Fig. 1. The CAT activities relative to wt N were 6, 9, 28, 40, 46, and 62%, in 
cells transfected with pRN-SG, pRN-SA, pRN-SN, pRN-SD, pRN-SQ, and 
pRN-SE, respectively. In cells transfected with all other plasmids but lacking an 

20 N-expressing plasmid, the relative CAT activity was less than 2% (data not 
shown). These results suggest that the effects of N phosphorylation on viral 
transcription or replication, or both, are probably caused at least in part by the net 
negative charge of the phosphate moiety and the structure of the serine residue. 

Increasing or decreasing the concentrations of N-expressing plasmid cannot 

25 compensate for the effects of N phosphorylation on viral transcription and 
replication. In studying the effects of phosphorylation of VSV P protein, 
Spadafora et al. (1996) observed that unphosphorylated P was much less active in 
supporting viral transcription at low concentrations. To determine if N 
concentration has any effect on the ability of the mutant N proteins to achieve 
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optimal transcription and replication of the rabies virus minigenome, various 
concentrations (5, 10, 15 and 20 mg) of the plasmids expressing N or mutant N 
(pRN-SA, pRN-SD, or pRN-SE) were used for transfection, and the cells were 
harvested for CAT assay. As presented in Fig. 2, 10 mg of each mutant 
5 N-expressing plasmid and 15 mg of the wt N (pRN) resulted in the optimal CAT 
activities. A larger or smaller amount led to slightly reduced CAT activities 
(20%), indicating that increasing or decreasing the concentration of N does not 
have a major impact on viral transcription for either the wt N or the mutant N. To 
ensure that the levels of N expressed corresponded to the amount of N-expressing 

10 plasmid added, transfected cells were lysed with RIPA buffer, and the cell ly sates 
were subjected to analysis by SDS-PAGE, followed by Western blotting using the 
polyclonal anti-N antibodies (Fu et al., 1994). As shown in the bottom of Fig. 2, 
the amount of N expressed for each of the wt or the mutant N proteins was 
proportional to the concentrations of N-expressing plasmid added. 

15 Phosphorylation of rabies virus N affects both transcription and replication 

of the rabies virus minigenome. In a previous study (Yang et al. , 1999) and the 
study described above, only CAT activities were assayed to measure viral 
transcription and replication. To further determine whether N phosphorylation 
affects viral transcription or replication, or both, Northern blot hybridization was 

20 performed to measure the transcripts and the genomic analogues in the transfected 
cells. To measure viral transcription, total RNA was prepared from transfected 
cells, and polyA+ mRNA was purified from the total RNA. To measure viral 
replication, transfected cells were extracted with distilled H 2 0, and the RNP 
complex was immunoprecipitated with polyclonal anti-N antibodies. The complex 

25 was subjected to treatment with Trizon reagent to obtain genomic analogues. The 
RNA preparations were hybridized with a CAT probe labeled with [a- 32 P]-dCTP 
by nick translation from CAT cDNA. As shown in Fig. 3, the amounts of CAT 
transcripts and the genomic RNA analogues were reduced when the N is 
unphosphorylated. The transcription and replication activities ranged from high to 
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low in the order of wt N, N with mutation S to E, S to D, and S to A. The 
amounts of CAT transcripts in the cells transfected with pRN-SA, pRN-SD, or 
pRN-SE were 17, 63, and 85% of the wt N (pRN), respectively. These 
correspond well with the relative CAT activities shown in Fig. 1. The amounts of 
5 genomic analogues in the cells transfected with pRN-SA, pRN-SD, or pRN-SE 

were 12, 55, and 95% of the amount in cells expressing wt N (pRN), respectively, 
demonstrating that the synthesis of both viral transcripts and genomic analogues in 
the minigenome system is affected by N phosphorylation. 

To exclude the jpossibility that the reduced transcription and replication in 

10 the cells transfected with mutant N-expressing plasmids was caused by different 
levels of N synthesized, transfected cells were labeled with [ 35 S]methionine and 
lysed with REP A buffer. The labeled N was immunoprecipitated with anti-N 
antibodies and analyzed by SDS-PAGE. As shown in Fig. 3, similar amounts of 
N or mutant N were immunoprecipitated in the cells transfected with different N 

15 constructs. To confirm that the N mutants are indeed unphosphorylated, 

transfected cells were labeled with [ 32 P]phosphoric acid. After lysis with RIPA 
buffer, the labeled N was immunoprecipitated with anti-N antibodies and analyzed 
by SDS-PAGE. Only the wt N was phosphorylated, whereas all the mutant N 
proteins were not (Fig. 3): 

20 Construction and selection of mutant rabies viruses. In the minigenome 

system, viral proteins necessary for viral transcription and replication were 
synthesized by T7 polymerase, and thus their synthesis was not under the control 
of rabies virus regulatory machinery. Therefore, it was necessary to determine the 
effects of rabies virus N phosphorylation on viral transcription and replication in 

25 the full infectious virus. To this end, mutations of the serine 389 on the N to 

alanine (L16A), aspartic acid (L16D), or glutamic acid (L16E) were introduced 
into the full-length infectious clone (Schnell et al., 1994). (L16A, L16D and 
L16E were deposited at the American Type Culture Collection, 10801 University 
Boulevard, Manassas, VA 20110-2209, USA, as deposit numbers ATCC 
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PTA-3541, PTA-3542 and PTA-3543, respectively, on July 20, 2001. After 
transfection of these clones into BSR cells, wt virus L16 as well as mutant viruses 
L16D, and L16E were obtained. However, L16A was not rescued in BSR cells. 
Therefore, BSR T7/5 cells (Buchholz et al., 1999) were used for selection of 
5 L16A and L16A was successfully rescued. RT-PCR and direct sequencing 

confirmed that these mutant viruses contained the desired mutations. The genomic 
RNA of the wt virus (L16) retained the codon for serine (UCU) at position 389, 
whereas the genomic RNAs from L16A, L16D, and L16E viruses have the serine 
(UCU) substituted with alanine (GCU), aspartic acid (GAU), and glutamic acid 

10 (GAA), respectively. To confirm that the mutant viruses express unphosphorylated 
N, BSR cells infected with each of the viruses were labeled with either 
[ 35 S]methionine or [ 32 P]phosphoric acid and subjected to immunoprecipitation and 
PAGE analysis. As was the case in the minigenome system, 
[ 35 S]methionine-labeled N was detected in BSR cells infected with each of the 

15 viruses, whereas [ 32 P]phosphoric acid-labeled N was detected only in BSR cells 
infected with L16 (data not shown), indicating that mutation of serine at position 
389 abolishes N phosphorylation in the full infectious virus. 

The mutant rabies viruses replicate more slowly than the wt virus. 
Initially, wt rabies virus (L16), mutant viruses L16D, and L16E grew to high 

20 titers ( > 10 7 ffu/ml) in BSR cells at 37°C, but L16A grew poorly (titers < 10 4 

ffu/ml). To overcome this difficulty, L16A was propagated in BSR cells at 31°C 
as described for mutant VSV (Wertz et al., 1998) and L16A grew to higher titers 
( > 10 5 FU/ml). The growth curves of the wt as well as mutant rabies viruses were 
investigated by infecting BSR cells with each of the viruses at a moi of 1 ffu per 

25 cell. As shown in Fig. 4, the wt virus (L16) consistently grew better than the 
mutant viruses and reached a titer more than 10 9 pfu/ml at the peak of virus 
production (60 h). At this time, the rate of growth for the mutant viruses lagged 
behind, particularly for L16A. Its yield was only 10 5 pfu/cell, at least 4 log units 
(10,000 times) lower than the wt virus. These data indicate that N 
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phosphorylation promotes virus production, possibly through regulation or 
modulation of rabies virus transcription and replication. 

N phosphorylation modulates both viral transcription and replication in the 
fiill infectious rabies virus. The growth curve data presented in Fig. 4 indicate 
5 that growth of the mutant viruses with unphosphorylated N, particularly the mutant 
virus L16A, was severely reduced. This could result from the inhibition of viral 
transcription or replication, or both. To investigate if both viral transcription and 
replication were inhibited in the mutant infectious rabies viruses, BSR cells were 
infected at a moi of 1 with the wt virus L16 as well as the mutant viruses L16A, 

10 L16D, or L16E. Total RNA isolated 40 hr p.i. was analyzed by Northern blot 
hybridization using probes made from both the N (Fu et al., 1991) or the 
glycoprotein (G) cDNAs (Fu et al., 1993). These probes can distinguish the N or 
G transcripts (1.4 kb and 1.8 kb) from the genomic RNA (12 kb). As illustrated 
in Fig. 5, each probe detected both genomic RNA and N or G transcripts. In 

15 addition, readthrough (RT) transcripts and/or defective-interfering (DI) RNA were 
also detected. The bands immediately above the N or the G transcripts, when 
hybridized with either G or N probes, may represent RT transcripts. The band 
immediately below the genomic RNA, when hybridized with the G probe, may 
represent RT transcript (G or L) or DI RNA. For the L16A virus, the amounts of 

20 viral genomic RNA and transcripts were 10-12% and 21-28% of the wt virus, 
respectively. For the L16D virus, the amounts of viral genomic RNA and 
transcripts were 41-45% and 60-65% of the wt virus, respectively. For the L16E 
virus, the amounts of viral genomic RNA and transcripts were 100% of the wt 
virus. Generally, the inhibition in viral replication (10-12% and 41-54%) was 

25 more severe than that in transcription (21-28% and 60-65%) in cells infected with 
L16A and L16D viruses. These observations, together with the data obtained 
from the minigenome system, indicate that unphosphorylated N results in 
reduction of viral replication. In the minigenome system viral replication is not 
dependent on viral transcription because N transcription was under control of T7 
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polymerase and the level of unphosphorylated N was similar to that of the wt N. 
Yet the amounts of genomic RNA are reduced when the N is not phosphorylated 
(Fig. 2), demonstrating that N phosphorylation is required for optimal viral 
replication. 

5 To further determine if N phosphorylation also affects viral transcription, 

experiments were performed to uncouple the transcription process from the 
replication process by inhibiting de novo protein synthesis in the infected cells 
with CHX. BSR cells were infected with each of the viruses at a MOI of 3 FFU 
per cell, and at 1 h after infection CHX was added to the culture medium at a final 

10 concentration of 150 //g/ml to completely inhibit protein synthesis (3). Infected 
cells without treatment with CHX were included as controls. At 6, 12, and 24 h 
after infection, cells were harvested and RNA was extracted for Northern blot 
hybridization with the rabies virus N probe. Without CHX, all the viruses 
replicated because the amounts of genomic RNA increased for each of the viruses 

15 as a function of time (Fig. 6A). The efficiency in viral transcription and 

replication for each of the viruses was similar to that shown in Fig. 5 at each time 
point. With the addition of CHX to the culture medium, virus replication was 
inhibited because the amount of genomic RNA did not increase for any of the 
viruses at each of the time points (Fig. 6B). Furthermore, rabies virus N protein 

20 synthesis was inhibited in BSR cells treated with CHX (data not shown). 

However, the amounts of transcripts for each of the viruses increased during the 
same period of time. Quantitation of the transcripts at each time point for each of 
the viruses in relation to the amount for wt L16 indicated that the transcription 
efficiencies for L16A, L16D, and L16E were 8 to 12%, 53 to 65%, and 91 to 

25 100%, respectively, of that for wt virus L16. The results demonstrate definitively 
that unphosphorylated N, except the N with mutation from S to E, also inhibits 
viral transcription. 

Unphosphorylated N did not alter the ratio between the genomic RNA and 
the antigenomic RNA. Unphosphorylated N bound more strongly to the leader 
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RNA than the phosphorylated N (Yang et al., 1999). Therefore, it is possible that 
N phosphorylation plays a role in viral transcription and replication by 
encapsidating more antigenomic RNA than genomic RNA. This is because the 
unphosphorylated N, due to its stronger binding to the antigenomic RNA (Y ang et 
5 al., 1999), the first step in viral replication, may reduce the synthesis of the 

progeny negative-strand genomic RNA, thus changing the ration of genomic to 
antigenomic RNA. To test this hypothesis, total RNA extracted from BSR cells 
infected with each of the wt or mutant viruses were subjected to Northern blot 
hybridization with sense (transcribed by T7 polymerase) or antisense (transcribed 

10 by SP6 polymerase) riboprobes made from pRN template. RNA was also prepared 
from virions purified from BSR cells infected with each of the viruses. The ratios 
of genomic RNA and antigenomic RNA in the infected cells for the wt and mutant 
viruses was roughly similar (3:1) (Figure 7). The ratios for these viruses found in 
the purified virions were also similar (16:1 to 19:1) for each of these viruses. 

15 These data indicate that N phosphorylation probably does not affect the 

preferential encapsidation and packaging of the genomic RNA over antigenomic 
RNA. 

That both rabies virus transcription and replication are reduced when the 
phosphorylated serine of the N is mutated, has ben demonstrated both in the 

20 minigenomic system and with infectious virus. When N was unphosphorylated, 
the rates of transcription and replication were reduced as much as 10-fold when 
compared with the phosphorylated N. The viral yield for these mutant viruses was 
reduced as much as 10,000-fold, particularly when the phosphorylated serine was 
mutated to alanine. These data suggest that phosphorylation of rabies virus N, 

25 although it is not absolutely necessary, is important in modulation of rabies virus 
transcription and replication. Furthermore, interpretation of the data also suggest 
that the effects of phosphorylation of rabies virus N on viral transcription and 
replication are due to a combination of the structure of the serine and the net 
negative charge of the phosphate moiety. Mutation of the phosphorylated serine of 



-49- 

rabies virus N to the neutral amino acids alanine and glycine reduced viral 
transcription and replication by as much as 10-fold. Alternatively, mutation of the 
phosphoserine to aspartic acid or glutamic acid, both of which contain acidic side 
chains that are negatively charged at physiological pH, restored the viral 
transcription and replication activities to more than 60% and 80% of that of the 
phosphorylated N. However, when the S was mutated to N or Q, both of which 
have structures similar to those of D and E but lack the negative charge, viral 
transcription activities were reduced by at least one-third but were still higher than 
those resulting from S to A or S to G mutations. Furthermore, the fact that mutant 
virus L16A grow better at 31°C than at 37 °C indicates the temperature sensitivity 
of the mutant virus. These results suggest that both the structure of the amino acid 
and the net negative charge of the phosphate moiety are important for viral 
transcription and replication. 

Rabies virus N, like its counterpart in VSV, plays vital roles in regulating 
viral RNA transcription and replication by encapsidating de novo synthesized viral 
genomic RNA (Wagner and Rose, 1996; Wertz et al., 1987; Wunner, 1991, 23, 
25, 27). The fact that rabies virus N, but not VSV N, is phosphorylated has raised 
questions as to how the phosphorylation is involved in the regulation of rabies 
virus RNA transcription and replication (Wunner, 1991). Yang et al., 1999, and 
studies presented herein suggest that both viral transcription and replication of the 
minigenome as well as the full infectious virus were inhibited when the N is not 
phosphorylated. The amounts of both viral transcripts and genomic analogues 
were lower in cells transfected with unphosphorylated N constructs than in cells 
transfected with the phosphorylated N. Similarly, the amounts of both viral 
transcripts and genomic RNA were lower in cells infected with the mutant viruses 
expressing the unphosphorylated N than in cells infected with the wt virus. In the 
minigenome system, the observed reduction in viral transcription and replication 
was not because of differences in expression of the mutant N proteins in the 
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transfected cells, because no differences in the level of N expression were detected 
in the assays. 

This study also addressed whether N phosphorylation affects viral 
transcription, replication, or both. One possible scenario would be that N 
5 phosphorylation affects viral transcription, replication, or both. Quantitation of 
viral transcripts and genomic RNA in the minigenome and the infectious virus 
indicated that both viral transcript and genomic RNA (or analogue) levels were 
reduced when N was not phosphorylated (Fig. 2 and 5). However, these data do 
not necessarily mean that unphosphorylated N inhibits both viral transcription and 

10 replication because of the inherent complexity of viral transcription and replication 
in the infected cells (Wagner and Rose, 1996). Reduction in viral genome 
replication results in fewer templates for transcription, and this likely will decrease 
the accumulation of viral niRNA. On the other hand, reduction in transcription 
reduces the N pool and eventually led to reduction in replication. Nevertheless, 

15 one can conclude from the data obtained in the minigenome system that 

phosphorylated N favors viral replication. Viral replication is reduced when the N 
is not phosphorylated in the minigenome system (see Fig. 2) despite the fact that, 
in the minigenome system, viral replication is not dependent on viral transcription 
because N transcription is under the control of T7 polymerase. Indeed, 

20 immunoprecipitation indicated that the level of unphosphorylated N was similar to 
that of the wt N in the minigenomic system. 

To further demonstrate if and how N phosphorylation also affects viral 
transcription, we uncoupled viral transcription from viral replication by inhibiting 
protein synthesis by treating infected cells with CHX. Viral replication is 

25 dependent on the de novo synthesis of viral N protein while transcription is not 
(25). Under these conditions, viral replication was reduced but transcription was 
not (Fig. 6), which allowed the assessment of the effects of N phosphorylation on 
viral transcription independent of viral replication. The data demonstrate that N 
phosphorylation also modulates viral transcription because viral transcription was 
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inhibited by almost 90% when N was not phosphorylated, particularly when the 
phosphorylated S was mutated to A. Thus, the data demonstrate that N 
phosphorylation favors both viral transcription and replication. 

As in all the single-stranded negative-sense RNA viruses, in rabies virus 
the RNP complex is the infectious unit (Wunner, 1991). The complicated 
interaction between the components within the RNP complex brings about rabies 
virus transcription and replication (Wagner and Rose, 1996; Wertz et al., 1987). 
Previously, it was demonstrated that dephosphorylation of purified rabies virus N 
encapsidated more leader RNA than phosphorylated N (Yang et al., 1999). 
Mutation of the serine at position 389 of the rabies virus N to alanine also resulted 
in increased binding to leader RNA in comparison to that for wt N. N 
phosphorylation affects both viral transcription and replication. It is thus possible 
that strong binding of unphosphorylated N to RNA may prevent L from gaining 
access to the genomic RNA to initiate viral transcription and replication. 
Although N remains bound to genomic RNA during the transcription and 
replication processes through the phosphate backbone (Emerson, 1982), the 
template-associated N has to unfold transiently such that L can gain contact with 
the template RNA (Bannerjee and Chattopadhyay, 1990). N phosphorylation may 
weaken the interaction between N and genomic RNA and therefore enables the L 
to gain access to and bind the RNA template to initiate transcription and 
replication. This hypothesis is supported by data in both the minigenomic system 
and the infectious virus. When the phosphorylated serine was mutated to the 
neutral amino acids A and G, viral transcription and replication were reduced the 
most. When the phosphorylated serine was mutated to the negative-charged 
aspartic acid or glutamic acid, transcription and replication activities were restored 
to more than 60 to 90% of the wt N levels. The amount of transcript and 
replication product in cells infected with mutant virus L16E (serine changed to 
glutamic acid) was essentially equivalent to that in cells infected with the wt virus 
LI 6. This occurred even though the virus production in cells infected with L16E 
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was slightly less than in cells infected with L16. Because the genomic RNA is the 
template for both transcription and replication (Wagner and Rose, 1996), it is 
conceivable that phosphorylated N would facilitate the initiation of both 
transcription and replication. 

Because N phosphorylation affects its efficiency of encapsidating leader 
RNA (Yang et al., 1999), it is possible that N phosphorylation leads to 
encapsidation of more antigenomic than genomic RNA (Wunner, 1991). 
Unphosphorylated N, by strongly binding to the antigenomic RNA, the first step 
in viral replication, may reduce the synthesis of the genomic RNA. The ratio 
between genomic RNA and antigenomic RNA remained constant in cells 
(approximately 3:1) infected with the wt virus or with one of the mutant viruses. 
The ratios between genomic and antigenomic RNA in the purified virions from all 
of the viruses were also similar (approximately 20:1). The ration of the genomic 
RNA to antigenomic RNA measured was different from that (50: 1) reported 
previously (Finke and Conzelmann, 1997). The discrepancy may be de to the 
methods and quantitation used in these two studies. The RNA was quantitated by 
densitometry in the present experiments, whereas the RNA was quantitated by 
phosphor-imagine in the previously reported study. Nevertheless, the data 
reported herein indicate that N phosphorylation does not affect the encapsidation of 
either the genomic or the antigenomic RNA. 

Recently, Kawai et aL (1999) reported that phosphorylated N is detected 
only in the nucleocapsid, whereas N in the free N pool (mostly in the N-P 
complex) is not phosphorylated. Based on that study and data presented herein, 
the following model is proposed to explain how rabies virus N is phosphorylated 
and how phosphorylation of rabies virus N modulates viral transcription and 
replication (Fig. 8). N is not phosphorylated in the free N or in the N-P 
heterocomplex, possibly because of the conformation. It is possible that the 
phosphorylation site is buried at this stage. It is advantageous for the N not to be 
phosphorylated before encapsidating genomic RNA because unphosphorylated N 
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has higher affinity for genomic RNA than does phosphorylated N (Yang et al., 
1999). The interaction (encapsidation) of genomic RNA with the N-P complex 
may induce conformational changes of the N, which enable N to interact with 
kinase, or expose serine 389 for phosphorylation, or both. Phosphorylation of N 
5 in turn may affect the interaction between the N and the genomic RNA. Following 
phosphorylation, the charge repulsion between the negatively charged 
phosphoserine and the negatively charged RNA may weaken the interaction 
between N and RNA. This could enable L to gain access and bind to genomic 
RNA, therefore initiating viral RNA transcription and replication. Evidence that 

10 supports this model comes from two studies. Unphosphorylated N binds to 

genomic RNA more strongly than does phosphorylated N (Yang et al., 1999), and 
the phosphorylation site (residue 389) is close to the putative RNA-binding domain 
(residues 289 to 352) (Kouznetzoff et al., 1992). Unphosphorylated N, because of 
tighter binding with RNA, could prevent the L from gaining access to the genome 

15 template. Consequently, the efficiency of viral RNA transcription and replication 
is reduced. 

EXAMPLE 4 

Construction of avirulent rabies virus with mutations on both the N and G and 
determination of their virulence and immunogenicity. 

20 Mutation of the phosphorylated serine, particularly to alanine, inhibited 

both viral transcription and replication in a rabies virus minigenome and with the 
infectious virus (Wu et al., 2001; Yang et al., 1999). The virus yield for this 
mutant virus (LI 6 A) was at least 4 log units lower than the wt virus (Wu et al., 
2001). All these data indicate that mutation on the N can inhibit viral replication 

25 and thus may attenuate the virus. Previously it has been reported that mutation on 
the G, particularly the amino acid arginine at position 333, resulted in attenuation 
of the rabies virus (Dietzschold et al., 1983). Attenuated rabies viruses with 
mutation in the arginine 333 of the G have reduced capacity to spread from the 
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primarily infected neurons to secondary or tertiary neurons in the CNS (Coulon et 
al., 1989). However, the rate of replication of these mutant viruses in cell culture 
was not different from wt virus, indicating that mutation of G at position 333 does 
not result in reduced rate of viral replication (Lafay et al. , 1994). This may 
5 explain why such mutant viruses can still cause rabies in neonatal animals via 
direct intracerebral inoculation (Schumacher et al., 1993; Lafay et al., 1994). 
Mutation of both the N and G will lead to further attenuation of rabies virus to an 
extent that the virus will no longer cause disease in animals at any age by any 
route of inoculation. This is because such mutant viruses will not only have a 
10 reduced ability to invade the nervous system but also have a reduced rate of 

replication. Therefore, avirulent rabies viruses may be selected by constructing 
mutations on both the N and the G proteins and to determine their virulence and 
immunogenicity . 

Construct and select avirulent rabies viruses by mutating both the G 

15 and the N: Rabies viruses (L16A, L16D, and L16E) were constructed with 

mutation at the phosphorylation site of the N (Wu et al., 2001). Since the rate of 
replication of L16D and L16E is similar to the wt virus L16, a mutation of the G 
is introduced at 333 into L16 and L16A by site-directed mutagenesis as described 
previously (Wu et al., 2001) using two primers (SEQ ID NOS: 16-17) 

20 (5' ATGCTCACTACAAGTGAAACTTGGAATCAG3 * and 

5 ' GGAGGATCTCATTCC A AGTTTC ACTTGTAG3 ') . These primers result in 
mutation of the arginine residue (AGA) to glutamic acid (GAA). As has been 
reported previously for SAG2, two nucleotides are changed, which reduces the 
possibility for the G to revert to its virulent genotype (Schumacher et al., 1993; 

25 Lafay et al., 1994). A fragment (nucleotide sequences 3854-8273 of the rabies 
virus genome) (Conzelmann et al., 1990) containing the arginine codon of the G 
from the full infectious clone of the wt (pSAD-L16) (Schnell et al., 1994) is cut 
with Xhol and cloned into pGEM-3Z at the same site. The resulting plasmid is 
used as the template for construction of the mutation, using the method of Weiner 
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et al. (Weiner et al., 1994) and the primers shown above. The arginine at position 
333 is mutated to glutamic acid in the surrogate vector. After sequence analysis to 
confirm the mutation, the mutated Xhol fragments will be cloned back to 
pSAD-L16 and pSAD-L16A at the Xhol site. The mutant clones with the expected 
5 mutation and correct orientation are designated pSAD-L16G333 and 
pSAD-L16AG333, respectively. 

To select mutant viruses with mutations on both the G and N, BSR T7/5 
cells are transfected with 10 \ig of pTIT-N, 2.5 /xg of pTIT-P, 2.5 fig TIT-L, 
together with 10 \ig of pSAD-L16G333 or pSAD-L16AG333, as described (Wu et 

10 al., 2001; Schnell et al., 2000). Cells are replenished with fresh medium and 

cultured for another three days before the supernatant is transferred to fresh BSR 
cells. Two days after infection, the virus are detected by using anti-rabies virus N 
antibodies conjugated with FITC. Positive staining of the cells will indicate 
successful rescuing of the infectious virus. The virus is propagated for further 

15 analysis. These two selected viruses will be designated L16G333 and L16AG333, 
respectively. 

To further analyze the mutant viruses, growth curves are determined by 
infecting BSR cells with each of the viruses at a moi of 1. L16 and L16A are 
included for comparison. After 1 hr adsorption, the virus inoculum is removed 

20 and the cells washed three times with PBS. Fresh medium will then be added. 

Aliquots are removed from the culture medium at 6, 12, 18, 24, 36, 60, and 72 hr 
p.i. and used for virus titration as described (Wu et al., 2001). This experiment is 
repeated for three times and the average titer for each virus is used for 
comparison. To determine if these mutant viruses have reduced rate of viral 

25 replication, BSR cells are infected at a moi of 1 and harvested at 40 hr p.i. for 

total RNA isolation, using the method described (Wu et al., 2001). Viral genomic 
RNA and transcripts in the RNA preparations are analyzed by Northern blot 
hybridization using probes made from both the N (Fu et al. , 1991) and the G 
cDNAs (Fu et al., 1993). Quantitation of the RNA is done by densitometry or 
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phosphoimaging of the RNA bands. Alternatively, BSR cells infected with these 
viruses are labeled metabolically with [ 3 H]uridine (33 /zCi/ml) for 4 hr in the 
presence of actinomycin D (5 /xg/ml), as described for VSV (Wertz et al., 1998). 
Cells then are harvested for RNA extraction. The RNA is analyzed by gel 
5 electrophoresis and quantitated by densitometry. Molar ratios will be calculated 
from the density of each transcript and the genomic RNA. 

Virus growth curves studies show that L16G333 grows in cell culture to 
the same high titers as L16 because previous studies showed that attenuated rabies 
virus with G mutation at 333 grew as well as the wt virus in cell culture (Lafay et 

10 al., 1994). Likewise, L16AG333 grows in cell culture to the same titers as the 

mutant virus L16A (Wu et al., 2001) and its yield will be at least 4 log units lower 
than that of wt virus. Northern blot hybridization and [ 3 H]uridine labeling 
indicates that the rate of viral replication is reduced at least five times for L16A 
and L16AG333 when compared with L16 and L16G333 as observed previously 

15 (Wu et al. , 2001). This suggests that mutation of N at the phosphorylation site 
reduces the ability of the rabies virus to replicate. 

EXAMPLE 5 

Determination of the virulence of rabies viruses with mutations on both 

the G and the N. To determine the virulence of these mutant viruses, mice of two 
20 age groups (neonates and mice at 5 to 6 weeks of age) are selected. The attenuated 
SAD virus (L16) can induce disease in 5 to 6 week old mice (Winkler et al., 
1976), and SAG-2 (with mutation on the G, similar to L16G333) can induce 
disease in neonatal mice (Schumacher et al., 1993) by intracerebral inoculation. 
There are 4 viruses to be tested including the wt L16 and mutant viruses L16A, 
25 L16G333, and L16AG333. Three doses (10 5 , 10 6 and 10 7 ffu) are tested for each 
virus. A total of 12 groups of ICR mice (ten in each group, from Harlan) at the 
age of 5 to 6 weeks of age are needed for this experiment. An extra group is 
included as controls. Animals will be infected with 10 fil containing the desired 
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dosage by i.e. inoculation. For the control group, mice will be injected with 10 /xl 
of saline by the i.e. route. Animals will be observed twice daily for 20 days for 
signs of clinical rabies such as ruff fur, ataxia, and paralysis. Moribund mice and 
the mice at the end of the experiment will be euthanized by C0 2 inhalation. The 
5 mortality rate for each of the groups will be recorded and analyzed statistically 
using student T test or X 2 test. 

To test the virulence of theses viruses in neonatal animals, a total of 12 
litters of ICR mice (each pregnant mouse usually has 8 to 11 littermates, from 
Harlan) are needed for this experiment. Each litter is infected with one dosage of 

10 one virus. An extra litter is included as a control. Neonatal mice at one day of 
age are infected with 10 fil volume containing the desired doses of each virus by 
i.e. inoculation. For the control group, neonatal mice are injected with 10 fil of 
saline by the i.e. route. Animals are observed twice daily for 20 days for dead 
littermates. Surviving mice at the end of the experiment are euthanized by C0 2 

15 inhalation. The mortality rate for each of the litters are recorded and analyzed 
statistically using student T test or X 2 test. 

Wild-type (wt) virus L16 induces rabies in 5-6 week-old mice and in 
neonatal mice as has been shown previously (Winkler et al., 1976). Infected 5-6 
week-old animals show clinical signs at day 5 to 6 p. i. and become moribund at 

20 day 6 to 8 p.i. Infected neonates show severe clinical signs or die at day 4 to 5 p.i. 
As described for SAG2 (Schumacher et al., 1993), L16G333, the virus that bears 
mutation at arginine 333 of the G, but not the mutation at the phosphorylation site 
of the N, will not induce any disease in the 5-6 week-old animals. However, it 
may induce clinical signs in neonates. 

25 Brains of animal to which L16 is administered are removed from these 

animals for virus isolation and genotyping. Virus titers are determined in sick 
animals as described previously (Fu et al., 1996). For genotyping, total RNA is 
prepared from the brains and used for RT-PCR using primers (SEQ ID NOS:13- 
14) lOg (5 ' CT AC A ATGGATGCCG AC3 9 ) and 304 
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(5*TTGACGAAGATCTTGCTCAT3') as described (Smith et al., 1991). These 
primers can amplify the complete N coding sequence from the genomic RNA. 
The amplified fragment is directly sequenced using primer 113 (SEQ ED NO: 15) 
(5 'GTAGGATGCTATATGGG3 ') (Smith et al., 1991), which immediately 
precedes the area of the mutations on the N gene. If the titers for the mutant virus 
are similar to that of the wt virus and sequence analysis indicates the reversion of 
the mutated serine on the N, this indicates that the virus has reverted. In this case, 
the serine is mutated to glycine or glutamine, which changes two or all the three 
nucleotides of the serine codon, making it less likely to revert. 

If rabies virus (L16A) with mutation at the phosphorylation site of the N 
does not induce any disease in either group of animals, this shows that reducing 
the rate of replication alone can also lead to attenuation of the rabies virus to the 
extent that they can no longer cause disease in neonatal animals. Such mutant 
viruses are sufficiently attenuated and are developed as live rabies virus vaccines. 

Virus (L16AG333) that bears mutations at both the arginine 333 of the G 
and the phosphorylation site of the N, will not induce any disease by i.e. infection 
in any aged animals including the neonates. Thus, the mutation on both the G and 
the N renders the rabies virus ayirulent because such mutated virus not only has 
the reduced ability to spread within the nervous system (Coulon et al., 1989) but 
also has a reduced rate of replication (Wu et al., 2002). If such viruses stimulate 
an active immune response in inoculated animals (see below), they are ideal 
candidates for developing avirulent live rabies virus vaccines. 

EXAMPLE 6 

Determination of the immunogenicity of mutant rabies viruses. To 
determine the immunogenicity of rabies virus (L16AG333) with mutation on both 
the G and the N, adult mice are selected. For comparison, L16, L16A, L16G333 
are included. Three doses (10 5 , 10 6 , and 10 7 ffu) are tested for each virus and this 
will determine the minimal dose of a virus that can stimulate protective immunity. 
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Each of the virus dosages are used for each of the three inoculation routes, that is 
intramuscular (i.m.), intradermal (i.d.), and subcutaneous (s.c). A total of 36 
groups of ICR mice (ten in each group) are needed for this experiment. An extra 
group is included as controls. Animals are immunized with 50 pi volume 
5 containing the desired virus at the desired dosage by i.m., i.d., or s.c. Mice in the 
control group are left unvaccinated. Mice are bled for measurement of VNA at 1, 
2, 3, and 4 weeks after immunization. After the last bleeding, mice are challenged 
i.m. in the hind leg with 10 MIMLD^ (50% mouse i.m. lethal dose) of CVS-24 
virus as described (Fu et al., 1991). Animals are observed twice daily for 

10 development of neurological symptoms and deaths for 20 days. The mortality 
rates are recorded and analyzed statistically for each group of animals. 

For measurement of anti-rabies virus neutralization antibodies, the rapid 
fluorescent focus inhibition test (RFFIT) is employed as described (Hable, 1996; 
Briggs et al., 1996). Briefly, serum is diluted and incubated with approximately 

1 5 50 TCIDsq of the CVS- 1 1 variant of rabies virus for 90 min. BHK cells are added 
and allowed to incubate for 24 hr. Cells are fixed and incubated with 
FITC-labeled antirabies antibody (Centocor). Virus infected cells are counted and 
the antibody titers are calculated using the method of Reed and Muench (Reed et 
al. , 1938). The development of VNA is compared between all the groups of mice 

20 by statistical analysis using two-way analysis of variance with interactions (Littell 
et al., 1996). 

WT virus L16 and all the mutant rabies viruses are capable of inducing 
immune responses by these parental routes of immunizations. None of these 
viruses will cause disease in adult mice by peripheral route of immunization,^ as 
25 has been demonstrated previously for the wt virus L16 (Finke et al. , 2000). The 
VNA titers developed in mice by immunization with L16G333 may be higher than 
those with viruses with mutations on both the G and N because these viruses have 
a reduced rate of replication. Thus higher dosage may be required for L16A and 
L16AG333 that bear mutation on the phosphorylation site of N to induce 
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protective immunity than the wt virus (L16) or viruses bearing only mutation on 
the arginine 333 of the G (L16G333). It is also possible that the VNA responses 
induced by these G and N mutant viruses are similar to those induced by L16G333 
even though this virus may replicate better in vitro cell culture than the viruses 

5 with mutations on both the G and the N. Those viruses that grow better in cell 
culture may not have the advantage in the in vivo situation because these viruses 
have reduced ability to spread in vivo (Coulon et al., 1989). If the virus 
(L16AG333) with mutations on both the G and N induce comparable VNA titers 
as L16G333 and protect 100% of the immunized animals against challenge with 

10 virulent rabies virus, yet it will not induce any disease in neonatal animals by i.e. 
infection (see above), this virus is further tested as an avirulent rabies virus 
vaccine target animal species such as raccoons, dogs, or even humans by different 
routes of immunizations. 

Because of the reduced rate of replication, mutant rabies virus L16A 

15 (bearing mutation from serine to alanine) grows very slowly and its yield is 4 log 
units lower than the wt virus L16 (Wu et al. , 2002). Propagation of this virus at 
31°C increased virus production, but the virus yield is still lower than the wt virus. 
To overcome this difficulty, a cell line stably expressing the phosphorylated N is 
established for propagation of viruses with mutation on the phosphorylation site of 

20 the N. This is based on the previous observation that the unphosphorylated N is 
not a dominant-negative regulator and its inhibitory function on viral transcription 
and replication can be overcome by transcomplementing with the phosphorylated 
N (Yang et al., 1999). To establish a cell line stably expressing the 
phosphorylated N, rabies viral N coding sequence is digested from pRN with Xbal 

25 and PstI (Yang et al. , 1998). The fragment is blunt-ended with Klenow and cloned 
into pcDNA3 (Invitrogen) at the EcoRV site. The resulting plasmid is sequenced 
for confirmation of orientation, and then the correct plasmid (pcDNA3-N) is 
transfected into BHK cells. At 48 hr after transfection, cells are harvested. 
Limited dilution coupled with detection of N expression are performed to select 
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stably transfected cells. Harvested cells are diluted 10-fold serially in 96-well 
plate, and selective medium containing 50/xg/ml G-418 is added. The cells are 
further incubated for a week, and the cells expressing N are identified by 
FITC-conjugated anti-rabies virus N antibodies (Centoco). Cells that express N 
5 (BHK-N) are further cloned and used for propagation of N mutant rabies viruses. 
The level of N expression in these cells is monitored from time to time. Once the 
stable-N-expression cell line (BHK-N) is established, mutant rabies viruses 
including L16A, L16AG333, are propagated in the BHK-N cells. If a virus titer 
of 10 7 ffu/ml or higher is obtainable, it will indicate that the BHK-N cells will 

10 supply sufficient phosphorylated N for the mutant virus to replicate to high titers. 

Although the reduced rate of replication and the reduced ability to spread 
within the nervous system makes L16AG333 an ideal candidate for developing 
avirulent rabies virus vaccines, the mutation on N from serine (UCU) to alanine 
(GCU) on L16A and L16AG333 only changed one nucleotide of the serine codon. 

15 It is always possible that the alanine residue may mutate back to serine and the 
virus reverts to L16 genotype, particularly under the severe reduced rate of 
replication. Although L16A was passaged in cell culture for more than ten times, 
no reversion has occurred. To prevent eversion, the serine (TCT) is mutated to 
glycine (GGT) or glutamine (CAA), which changes either two or all the three 

20 nucleotides in the serine codon, making the reversion less likely. Glycine is a 

neutral amino acid and has a similar structure as alanine. Glutamine has the same 
structure as glutamic acid but without the negative charge. Mutation of the 
phosphorylated serine to either glycine or glutamine may have the same effect as 
the mutation from serine to alanine on viral transcription and replication (Wu et 

25 al., 2001). These mutations are easily carried out as described in Wu et al., 2001. 
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EXAMPLE 7 

Construction of avirulent rabies virus by relocating rabies virus N gene 
along the virus genome and determination of their virulence and 
immunogenicity. Studies with a related virus, VSV, showed that rearrangement 
of the N within the VSV genome resulted in attenuation of VSV (Wertz et al. , 
1998). In that study, the N gene was relocated from the first position of the 
genome to the second, the third, or the fourth position along the VSV genome. 
The relocation of N resulted in a stepwise reduction in N expression, consequently 
in reduction in viral replication. Translocation of the N also resulted in stepwise 
attenuation of the virus in animals. Although all the mice infected intranasally 
with wt VSV at a dose of 300 pfu died, none of the mice infected with the same 
dose of N4 (the N gene is relocated to the fourth position along the genome) 
developed disease. Relocation of the N gene along the rabies virus genome may 
also lead to attenuation of the rabies virus. Thus, an avirulent rabies virus is 
constructed by relocating rabies virus N gene to the second, the third, or the fourth 
position within the rabies virus genome. The N-relocated rabies viruses, if 
sufficiently attenuated, have advantages over the N-mutant viruses at the 
phosphorylation site because the changes in the N-relocated viruses should be 
irreversible (Wertz et al., 1998). Although relocating the N gene resulted in 
attenuation of VSV, N4 still caused disease and death in mice when a higher 
dosage was inoculated (Wertz et al., 1998). The G mutation at arginine 333 is 
also incorporated into the N-relocated viruses to further attenuate the rabies virus. 

Construct avirulent rabies virus by relocating the N gene. To relocate 
the N gene within the rabies virus genome, two plasmids are constructed. The 
plasmid pSAD-L16G333 is digested with Xhol, which will remove a fragment of 
about 4.5 kb (3854-8273 of the rabies virus genome) (Conzelmann et al., 1990) 
from the plasmid. pSAD-L16G333 is chosen because this plasmid already bears 
the mutation of arginine 333 on the G. Removing the Xhol fragment from 
pSAD-L16G333 aids subsequent mutagenesis because of the smaller sizes. After 
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digestion and recovery of the two fragments (10.5 kb and 4.5 kb), the large 
fragment is self-ligated to form the plasmid pSAD-L16G333XhoI, which contains 
the N, P, M, and partial G and L genes. This plasmid also contains the intergenic 
sequences between N and P, between P and M and between M and G. Thus, it is 
5 used to relocate the N to the second and third position, which is between P and M 
and between M and G. The small fragments are cloned into pGEM-3Z vector at 
the Xhol site and designated pGEM-XhoI. This plasmid contains the G-L 
intergenic junction and is used to relocate the N to the fourth position between the 
G and L. 

10 To construct recombinant viruses with rearranged N, the N at the first 

position is deleted from the plasmid pSAD-L16G333XhoI by using the PfuTurbo 
Hotstart DNA polymerase (Lundberg et al., 1991) (Stratagene). Two primers 
(SEQ ID NOS: 18-19) are synthesized ^'ACACCCCTCCTTTCGAACCATCCCS' 
and 5 ' CATTTTTGCTTTGCAATTGACAATGTC3 ') and used in the PCR 

15 reaction. These two primers will amplify a 9 kb fragment, resulting in deletion of 
the N gene from the very beginning of the N transcript including the untranslated 
region at the 5 end, the coding region, the untranslated region at the 3 end, and the 
intergenic sequence between N and P. PfuTurbo Hotstart DNA polymerase 
creates blunt ends (Lundberg et al., 1991) in the amplified fragments and thus can 

20 be self-ligated. The ligated plasmids are sequenced at the mutation junction to 
make sure that there are no spurious mutations in the leader sequence and the 
starting sequence of the P mRNA. The resulting plasmid is designated 
pSAD-PMG and will be used for the construction of the rearranged N clones. 
Because PfuTurbo Hotstart DNA polymerase can amplify up to 15 kb sequence 

25 from vector DNA (Stratagene), there is no problem because the plasmid 
pSAD-L16G333XhoI is only about 10 kb in size. 

Because every rabies virus transcript starts with AACA, a unique Hpal 
restriction site (GTTAAC) is created at each of the gene junctions for cloning of 
the N gene. To clone the N gene into the second position along the genome, a 
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unique Hpal site is first created between the P and M genes, immediately after the 
intergenic sequence. This is accomplished by site-directed mutagenesis using the 
method of Weiner et al. (Weiner et al., 1994). Two primers (SEQ ID NOS:20-21) 
are synthesized (5 1 TCAACATGAAAAAAACAGTTAACACCACT3 1 and 
5 5 1 AGGGGTGTTAACTGTTTTTTTC ATGTTGA3 1 and used to construct the 

unique Hpal site between the P and the M genes on pSAD-PMG. The mutation is 
confirmed by sequence analysis and the plasmid is designated pSAD-PHMG. 
Then the entire N gene from the beginning of the transcript to the intergenic 
sequence is amplified, using PfuTurbo Hotstart DNA polymerase with primers 

10 (SEQ ID NOS: 22-23) 5 1 ACACCCCTACAATGGATGCCG3 1 and 

5* 'GTTTTTTTCATGATGGATATACAC3 and then cloned into the Hpal site of 
pSAD-PHMG. After confirmation by sequence analysis, the plasmid with the 
correct orientation is selected. The introduction of the Hpal site, although does 
not change the initiation of the inserted N transcript, alters the intergenic 

15 sequence. Thus, the intergenic sequence has to be restored. This is carried out by 
site-directed mutagenesis using primers (SEQ ID NOS:24-25) 
5 ' ATGGA A AA A AAC AGGC A ACTG3 1 and 

5 1 AGTTGCCTGTTTTTTTCC ATG3 ' . After confirmation by sequence analysis, 
the plasmid with the corrected intergenic sequence is selected and designated 

20 pSAD-PNMG. Finally, an Xhol fragment will be cut from pGEM-XhoI and 

cloned into the Xhol site of the pS AD-PNMG to create the full-length rabies virus 
clone with the N gene cloned into the second position. This plasmid is designated 
pSAD-N2, and contains the exact rabies virus full length sequence except the N 
gene is located between the P and M genes along the rabies virus genome. 

25 To clone the N gene into the third position along the genome, a unique 

Hpal site is created between the M and G genes, immediately after the intergenic 
sequence. This is carried out by site-directed mutagenesis using primers (SEQ ID 
NOS:26-27) 5 ' GATGTGAAAAA AACTGTTAAC ATCCCTC3 1 and 
5 1 AGGGATGTTAAC AGTTTTTTTCACATCC3 1 which leads to the construction 
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of a unique Hpal site between the M and the G genes on pSAD-PMG. The 
mutation is confirmed by sequence analysis, and the plasmid is designated 
pSAD-PMHG. Then the entire N gene amplified as described above will then be 
cloned into the Hpal site of pSAD-PMHG. After confirmation by sequence 
5 analysis, the plasmid with the correct orientation is selected. The introduction of 
the Hpal site alters one nucleotide in the intergenic sequence. Thus, the intergenic 
sequence is restored by site-directed mutagenesis using primers (SEQ ID NOS:28- 
29) 5 * TGAAA AA A ACT ATT AAC ATCCCTC3 1 and 

5 1 AGGGATGTT A AT AGTTTTTTTC AC3 ' . After confirmation by sequence 

10 analysis, the plasmid with the corrected intergenic sequence is selected and 
designated pSAD-PMNG. Again, the Xhol fragment will be cloned into 
pSAD-PMNG to create the full-length rabies virus clone with the N gene cloned 
into the third position. This plasmid is designated pSAD-N3. 

To clone the N gene into the fourth position along the genome, a unique 

15 Hpal site is created between the G and L genes, immediately after the intergenic 
sequence of the G+ Y (Conzelmann et al., 1990). This mutation is introduced 
into the gene on plasmid pGEM-XhoI because this plasmid contains the intergenic 
sequence between the G and L genes. This is carried out by site-directed 
mutagenesis using primers (SEQ ID NOS:30-31) 

20 5 'CAGAAGAACAACTGTTAAC ACTTCTC3 1 and 

5 1 AGA AGTGTT AAC AGTTGTTCTTCTG3 1 which will lead to the construction 
of a unique Hpal site between the G and L genes on pGEM-XhoI. The mutation is 
confirmed by sequence analysis and the plasmid is designated pGEM-GHL. Then 
the entire N gene amplified as described above is cloned into the Hpal site of 

25 pSAD-GHL. After confirmation by sequence analysis, the plasmid with the 
correct orientation is selected. The introduction of the Hpal site alters two 
nucleotides in the intergenic sequence. Thus, the intergenic sequence is restored 
by site-directed mutagenesis using the following primers (SEQ ID NOS: 32-33) 
(5 ' AACA ACTGGC AAC ACTTCTC3 1 and 5 1 AGA AGTGTTGCC AGTTGTTC3 1 . 
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After confirmation by sequence analysis, the plasmid with the corrected intergenic 
sequence is selected and designated pGEM-GNL. The Xhol fragment containing 
G, N, and L is cut and cloned into the Xhol sites of pSAD-PMG to create the 
full-length rabies virus clone with the N gene in the fourth position. This plasmid 
5 is designated pSAD-N4, and it will contain the exact rabies virus full-length 

sequence except the N gene is located between the G and L genes along the rabies 
virus genome. 

To select these viruses with relocated N genes, these plasmids containing 
the full-length viral genome are individually transfected into BSR T7/5 cells, 

10 together with pTIT-N, pTIT-P, and TIT-L, as described (Wu et al., 2001; Schnell 
et al. , 2000). Cells are replenished with fresh medium and cultured for another 3 
days before the supernatant is transferred to fresh BSR cells. Two days after 
infection, virus is detected by using anti-rabies virus N antibodies conjugated with 
FITC. Positive staining of the cells will indicate successful rescuing of the 

15 infectious virus. These viruses are designated as L16N2G333, L16N3G333 and 
L16N4G333. The virus is propagated for further analysis in either BHK cells or 
BHK-N cells. 

To further analyze these rearranged viruses, growth curves of these viruses 
are determined by infecting BSR cells with each of the viruses at a moi of 1 . 

20 L16G333 is included for comparison. After 1 hr adsorption, virus inoculum is 
removed and cells washed three times with PBS. Fresh medium will then be 
added. Aliquots are removed from the culture medium at 6, 12, 18, 24, 36, 60, 
and 72 hr p.i. and used for virus titration as described (Wu et al., 2001). This 
experiment is repeated for three times and the average titer for each virus is used 

25 for comparison. To determine if these N-relocated viruses have reduced rate of 
viral replication, BSR cells are infected with L16G333 or each of the N-relocated 
viruses at a moi of 1 and harvested at 40 hr p.i. for total RNA isolation, using the 
method described (Wu et al., 2001). Viral genomic RNA and transcripts in the 
RNA preparations are analyzed by Northern blot hybridization using probes made 
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from both the N (Fu et al., 1991) and the G cDNAs (Fu et al., 1993). 
Quantitation of the RNA is done by densitometry or phosphoimaging of the RNA 
bands. Alternatively, BSR cells infected with these viruses are labeled 
metabolically with [ 3 H]uridine (33 /xCi/ml) for 4 hr in the presence of actinomycin 
5 D (5 /xg/ml), as described for VSV (Wertz et al., 1998). Cells then are harvested 
for RNA extraction. The RNA is analyzed by gel electrophoresis and quantitated 
by densitometry. The molar ratio among the five transcripts and genomic RNA is 
determined and compared among these viruses. 

Virus growth curves studies show that virus yield for these viruses is in 

10 the order of L16G333, L16N2G333, L16N3G333, and L16N4G333. In the study 
of VSV N relocation, it was found that the virus yield was reduced as much as 4 
log units for the N4 virus when compared with the wt VSV (Wertz et al., 1998). 
The virus yield for L16N4G333 is reduced by as much as 4 log units when 
compared with that of L16G333. Northern blot hybridization and [ 3 H]uridine 

15 labeling indicates that the rate of viral replication (genomic RNA) is reduced for 
the N-relocated viruses when compared with L16G333, with the L16N4G333 the 
lowest. Furthermore, the molar ratio among the five viral transcripts is altered, 
depending on the relative position of the N along the viral genome. For L16G333, 
the amounts of the transcripts is in the order of N > P > M > G > L; L16N2G333 , 

20 P>N>M>G>L; L16N3G333, P>M>N>G>L; and L16N4G333, 

P > M > G > N > L. These data together will indicate that by relocating the N 
along the rabies virus genome, the rate of rabies virus replication is reduced, 
which may result in attenuation of the N-relocated viruses. Because the mutation 
of G at arginine 333 is incorporated into these N-relocating viruses, these 

25 N-relocated viruses will not only have a reduced rate of replication but will also 
have a reduced capacity of invading the nervous system. The N-relocated rabies 
viruses, if sufficiently attenuated, have advantages over the N-mutant viruses at the 
phosphorylation site because the changes made in the N-relocated viruses should 
be irreversible (Wertz et al., 1998), whereas the point mutation at the 
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phosphorylation site (Wu et al., 2002) may revert to its virulent genotype. If any 
of these N-relocated viruses no longer causes diseases in neonatal mice by i.e. 
inoculation (see below), it will have the potential to be developed as an avirulent 
rabies virus vaccine. 

5 Determination of the virulence of the N-relocated rabies viruses. To 

determine the virulence of the N-relocated rabies viruses, mice of two age groups 
(neonates and mice at 5 to 6 weeks of age) are selected. For comparison, 
L16G333 is included. L16G333 can induce disease in neonatal mice, but not in 
older mice (Schumacher et al., 1993) by intracerebral inoculation. There are 4 

10 viruses to be tested including L16G333, L16-N2G333, L16-N3G333, 

L16-N4G333. Three doses (10 5 , 10 6 and 10 7 ffu) are tested for each virus. A total 
of 12 groups of ICR mice (ten in each group) at the age of 5 to 6 weeks of age are 
needed for this experiment. An extra group is included as controls. Animals are 
infected with 10 fil containing the desired dosage by i.e. inoculation. For the 

15 control group, mice are injected with 10 fil of saline by the i.e. route. Animals are 
observed twice daily for 20 days for signs of clinical rabies such as ruff fur, 
ataxia, and paralysis. Moribund mice and the mice at the end of the experiment 
are euthanized by C0 2 inhalation. The mortality rate for each of the groups is 
recorded and analyzed statistically using student T test or X 2 test. 

20 To test the virulence of theses viruses in neonatal animals, a total of 12 

litters of ICR mice is needed. Each litter is infected with one virus. An extra 
litter is included as a control. Neonatal mice at one day of age are infected with 
10 p\ volume containing the desired doses of mutant viruses by i.e. inoculation. 
For the control group, neonatal mice are injected with 10 /-il of saline by the i.e. 

25 route. Animals are observed twice daily for 20 days for dead littermates. 

Surviving mice at the end of the experiment are euthanized by C0 2 inhalation. 
The mortality rate for each of the litters is recorded and analyzed statistically using 
student T test or X 2 test. 
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L16G333 does not induce disease in the 5 to 6-week-old animals. For the 
N-relocated viruses, the virulence is in the order of 

L16G333 > L16N2G333 > L16N3G333 > L16N4G333. Because these viruses 
bear mutation on the arginine 333 of the G, they should not cause any diseases in 
5 the 5 to 6 week-old mice but may cause disease in the neonates. Because the 

studies with VSV indicate that the rate of replication for the N4 virus was severely 
reduced (Wertz et al., 1998), the rate of replication for L16N4G333 may also be 
reduced dramatically. Because L16-N4G333 also bears the mutation on the 
arginine 333 of the G, it will not only have a reduced rate of replication but will 
10 also have the reduced ability to spread in the CNS. Thus, it may not cause any 
disease in neonates. If this is the case, L16-N4G333 will have the potential to be 
developed as an avirulent rabies virus vaccine. L16N2G333 and L16N3G333 may 
also be avirulent in neonatal animals, thus they can also be developed as avirulent 
rabies virus vaccines. 

15 Determination of the immunogenicity of the N-relocated rabies viruses. 

To determine the immunogenicity of these N-relocated viruses, adult mice are 
selected. There are 4 viruses to be tested including L16G333, L16N2G333, 
L16N3G333, and L16N4G333. Three doses (10 5 , 10 6 , and 10 7 ffu) are tested for 
each virus and this will determine the minimal dose of a virus that can stimulate 

20 protective immunity. Each of the virus dosages is used for each of the three 

inoculation routes, that is i.m., i.d. , and s.c. A total of 36 groups of adult ICR 
mice (ten in each group) are needed for this experiment. An extra group will be 
included as controls. Animals are immunized with 50 fil volume containing the 
desired virus at the desired dosage by i.m., i.d., or s.c. Mice in the control group 

25 are left unvaccinated. Mice are bled for measurement of VNA (Hable, 1996; 
Briggs et al., 1996) at 1, 2, 3, and 4 weeks after immunization. After the last 
bleeding, mice are challenged i.m. in the hind leg with 10 MIMLD 50 (50% mouse 
i.m. lethal dose) of CVS-24 virus as described (Fu et al., 1991). Animals are 
observed twice daily for development of neurological symptoms and deaths for 20 
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day s. The mortality rates are recorded and analyzed statistically for each group of 
animals. 

All the N-relocated rabies viruses are capable of inducing immune 
responses by these parental routes of immunizations. None of these viruses cause 
5 disease in adult mice by peripheral routes of immunization. The VNA titers 
developed in mice by immunization with L16G333 may be higher than those 
immunized with the N-relocated viruses. Because of the differences in the rate of 
replication, the levels of VNA may be in the order of 

L16G333 > L16N2G333 > L16N3G333 > L16N4G333 . It is possible that the 
10 levels of VNA induced by these N-relocated viruses are similar. Immunization 
with any of these viruses leads to protection against a challenge. The virus that 
can induce comparable VNA as L16G333 and provide 100% protection, but does 
not induce disease in neonatal animals and grows the best in vitro cell culture, is 
selected for further testing in target animal species such ais raccoons, dogs, or even 
15 humans. 

As for the viruses with mutation on the phosphorylation site of the N, 
N-relocated viruses may not grow well in cell culture because of the reduced rate 
of replication as reported for VSV (Wertz et al., 1998). These viruses are grown 
in BHK-N cells that stably express the phosporylated N. Because the reduced rate 

20 of replication is due to the reduced level of N in the infected cells (Wertz et al. , 
1998), supplementing N in the BHK-N cells increases the virus yield for these 
N-relocated viruses. 

Because of the sequence similarity between that spanning from the end of 
P, the intergenic region between P and M, to the beginning of the M transcript and 

25 that spanning from the end of M, the intergenic region between M and G, and the 
beg innin g of the G transcript, the insertion of the unique Hpal site may be difficult 
at the P-M and the M-G junctions on pSAD-PMG. Thus, the annealing 
temperature in the PCR reaction is varied, multiple clones are screened, and only 
the desired mutation is selected for further cloning. 
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As reported for VSV, N4, which is the mutant virus with the N in the 
fourth position along the VSV genome, still caused disease and death in mice when 
a higher dosage was inoculated (Wertz et al., 1998). If rabies virus with relocated 
N may still have residual virulence, the serine is mutated to alanine at the 
5 phosphorylation site of the N to further attenuate the N-relocated viruses. If the 
immune responses induced by the N-relocated viruses are low because the rate of 
replication of these viruses is severely decreased, viruses are constructed with 
increased expression of the G, which is the only antigen that induces protective 
viral neutralizing antibodies (Cox et al., 1977). This is accomplished by 
10 reshuffling the genes within the rabies virus genome. 

EXAMPLE 8 

Construction of avirulent rabies virus by shuffling the genes within the 
rabies virus genome and determination of the virulence and immunogenicity 
of these reshuffled rabies viruses. In addition to the relocation of the N gene 

15 along the VSV genome, reshuffling the genes within the VSV genome also led to 
phenotypic changes of VSV (Ball et al., 1999). Although some of the reshuffled 
VSV acquired more virulent characteristics when compared to the wt virus, other 
reshuffled VSV showed reduced rate of replication in cell culture and reduced 
virulence in animals (Ball et al., 1999). Most importantly, moving the G from the 

20 fourth position to the first position not only resulted in attenuation of the virus, but 
also led to accelerated and enhanced immune responses in animals (Flanagan et al., 
2000). Thus, avirulent rabies virus is constructed by reshuffling rabies virus 
genes within the rabies virus genome, particularly by moving the G from the 
fourth position to the first position and reshuffling the P, M and G genes. In 

25 addition, the G mutation at arginine 333 is incorporated into each and every 
reshuffled virus to further attenuate the rabies virus. 

Construction of avirulent rabies virus by reshuffling rabies virus genes 
within the viral genome. To reshuffle the genes within the rabies virus genome, 
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the procedure used for relocating the N gene as described above is followed. To 
construct rabies viruses with the G in the first position, the plasmids pGEM-GHL 
and pSAD-L16G333XhoI is used. First, the N, P, and M genes are deleted from 
the plasmid pSAD-L16G333XhoI. Two primers (SEQ ID NOS:34 and 19) 
5 (5 1 ACATCCCTCAAAAGACTCAAGG3 ' and 

5 ' C ATTTTTGCTTTGC A ATTGAC AATGTC3') are synthesized and used in the 
PCR reaction by using the PfuTurbo Hotstart DNA polymerase (Lundberg et al., 
1991) (Stratagene). These two primers amplify a 7.3 kb fragment, resulting in the 
deletion of the N, P, and M genes from the very beginning of the N transcript to 

10 the intergenic sequence between M and G. PfuTurbo Hotstart DNA polymerase 
creates blunt ends (Lundberg et al., 1991) in the amplified fragments and thus are 
self-ligated. The ligated plasmids are sequenced at the mutation junction to make 
sure that there are no spurious mutations in leader sequence and the starting 
sequence for the G mRNA. The resulting plasmid is designed pSAD-L16G. 

15 Three rabies virus clones are constructed with the G in the first position in 

combination with the N in the second (G1N2), the third (G1N3), or the fourth 
position (G1N4). To construct the G1N2 clone, the N, P, and M genes from the 
beginning of the N transcript to the intergenic sequence of the M (3.2 kb) are 
amplified from pSAD-L16G333XhoI by using PfuTurbo DNA polymerase with 

20 primers (SEQ ID NOS:22 and 35) 5 1 AC ACCCCT AC A ATGGATGCCG3 1 and 
5 1 AT AGTTTTTTTC AC ATCC AAGAGG3 ' . The amplified fragment is cloned 
into the Hpal site of pGEM-GHL. After confirmation by sequence analysis, the 
plasmid with the correct orientation is selected. Then the intergenic sequence is 
restored by site-directed mutagenesis using primers (SEQ ID NOS: 36-37) 

25 (5 ' AGAAAGAAC AACTGGCAAC ACCCCT3 ' and 

5 ' GGGGTGTTGCC AGTTGTTCTTTCTG3 ' . After confirmation by sequence 
analysis, the plasmid with the corrected intergenic sequence is selected and 
designated pGEM-GNMPL. Finally, the Xhol fragment from pGEM-GNMPL is 
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cloned into pSAD-G to create the full-length rabies virus clone with the G gene 
cloned in the first position. This plasmid is designated pSAD-L16GlN2G333. 

To construct the G1N3 clone, the P, N, and M genes from the beginning of 
the P transcript to the inter genie sequence of the M (3.2 kb) are amplified from 
5 pSAD-PNMG, as constructed in specific aim 2, using Pfu DNA polymerase with 
primers (SEQ ID NOS:38-39) 5 , ACACCCCTCCTTTCGAACCATCCC3 , and 
5 , ATAGTTTTTTTCACATCCAAGAGG3\ The amplified fragment is cloned 
into the Hpal site of pGEM-GHL, also as constructed in specific aim 2. After 
confirmation by sequence analysis, the plasmid with the correct orientation is 
10 selected. Then, the intergenic sequence is restored by site-directed mutagenesis 
using primers (SEQ ID NOS:40 and 37) 
(5 ' AGAAAGAACAACTGGCAACACCCCT3 * and 

5 ' GGGGTGTTGCC AGTTGTTCTTTCTG3 ' . After confirmation by sequence 
analysis, the plasmid with the corrected intergenic sequence is selected and 

15 designated pGEM-GPNML. Finally, the Xhol fragment from pGEM-GPNML is 
cloned into pSAD-G to create the full-length rabies virus clone with the G gene 
cloned in the first position and the N in the third position. This plasmid is 
designated pSAD-L16GlN3G333. 

To construct the G1N4 clone, the P, M, and N genes from the beginning of 

20 the P transcript to the intergenic sequence of the N (3.2 kb) is amplified from 
pSAD-PMNG by using PfiiTurbo DNA polymerase with primers (SEQ ID 
NOS:38 and 23) 5'ACACCCCTCCTTTCGAACCATCCC3' and 
5 1 GTTTTTTTC ATGATGG ATAT AC AC3 ' and cloned into the Hpal site of 
pGEM-GHL. After confirmation by sequence analysis, the plasmid with the 

25 correct orientation is selected. Then the intergenic sequence is restored by 
site-directed mutagenesis using primers (SEQ ID NOS:36-37) 
(5 1 AG AA AG A AC A ACTGGC A AC ACCCCT3 ' and 

5 1 GGGGTGTTGCC AGTTGTTCTTTCTG3 ' ) . After confirmation by sequence 
analysis, the plasmid with the corrected intergenic sequence is selected and 
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designated pGEM-GPMNL. Finally, the Xhol fragment from pGEM-GPMNL is 
cloned into pSAD-G to create the full-length rabies virus clone with the G gene 
cloned in the first position and the N in the fourth position. This plasmid is 
designated pSAD-L16GlN4G333 . 
5 There are, in addition to the wt virus (P-M-G), five possible combinations 

(P-G-M, M-P-G, M-G-P, G-M-P, and G-P-M) for reshuffling the P, M, and G 
genes within the rabies virus genome. To construct M-P-G, M-G-P, and P-G-M, 
the plasmids pGEM-XhoI and pSAD-L16G333XhoI are used. First, the P gene 
will be deleted from the plasmid pSAD-L16G333XhoI. Two primers (SEQ ID 

10 NOS:41-42) (5 1 ACACCACTGATAAAATGAACCTCC3 ' and 

5 ' GTTTTTTTC ATGATGGATATAGAG3 ' are synthesized and used in the PCR 
reaction by using the PfiiTurbo Hotstart DNA polymerase (Stratagene). These two 
primers amplify a 9.5 kb fragment, resulting in the deletion of the P gene from the 
very beginning of the P transcript to the intergenic sequence between P and M. 

15 PfiiTurbo Hotstart DNA polymerase creates blunt ends (Lundberg et al., 1991) in 
the amplified fragments and thus can be self-ligated. The ligated plasmids are 
sequenced at the mutation junction to make sure that there are no spurious 
mutations in the 3 untranslated sequence of the N, the intergenic sequence of the 
N, and the starting sequence for the M mRNA. The resulting plasmid is designed 

20 pSAD-NMG. 

To reshuffle the genes into the order of N-M-P-G-L, a unique Hpal 
restriction site (GTTAAC) is created on pSAD-NMG at the gene junction between 
M and G. This is carried out by site-directed mutagenesis using primers ((SEQ ID 
NOS:26-27) 5 1 GATGTGA AAAA AACTGTTAAC ATCCCTC3 ' and 

25 5 , AGGGATGTTAACAGTTTTTTTCACATCC3 , as described for the relocation 
of the N gene. The mutation is confirmed by sequence analysis and the plasmid is 
designated pSAD-NMHG. Finally, the entire P gene, from the beginning of the 
transcript to the intergenic sequence, is amplified by using PfiiTurbo DNA 
polymerase with primers (SEQ ID NOS:18 and 43) 
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5'ACACCCCTCCTTTCGAACCATCCC3' and 

5 ' CCTGTTTTTTTC ATGTTG ACTTTGGG3 ' and cloned into the Hpal site of 
pSAD-PMHG. After confirmation by sequence analysis, the plasmid with the 
correct orientation is selected. Then the intergenic sequence is restored by 
site-directed mutagenesis using the following primers (SEQ ID NOS:24-25) 
(5 1 ATGGAAAAA AAC AGGC AACTG3 ' and 

5 ' AGTTGCCTGTTTTTTTCC ATG3 1 ) . After corifirmation by sequence analysis, 
the plasmid with the corrected intergenic sequence is selected and designated 
pSAD-NMPG. Finally, the Xhol fragment from pGEM-XhoI is cloned into 
pSAD-NMPG to create the full-length rabies virus clone with the P gene cloned 
between the M and G genes. This plasmid is designated pSAD-L16MPG. 

To reshuffle the genes into the order of N-M-G-P-L, the entire P gene 
amplified as described above is cloned into the unique Hpal site of pGEM-GHL. 
After confirmation by sequence analysis, the plasmid with the correct orientation is 
selected. Then the intergenic sequence is restored by site-directed mutagenesis 
using the primers (SEQ ID NOS:32-33) 5' A AC AACTGGCA AC ACTTCTC3 and 
5 ' AGAAGTGTTGCC AGTTGTTC3 ' . After confirmation by sequence analysis, 
the plasmid with the corrected intergenic sequence is selected and designated 
pGEM-GPL. The Xhol fragment from pGEM-GPL is cut and cloned into the. 
Xhol sites of pSAD-NMG to create the full-length rabies virus clone with the P 
gene cloned between the G and the L genes. This plasmid is designated 
pSAD-L16MGP. 

To reshuffle the genes into the order of N-P-G-M-L, the M gene is deleted 
from the clone P SAD-L16G333XhoI. Two primers (SEQ ID NOS:44 and 43) 
(5 ' AC ATCCCTC AAAGACTC AAGG3 ' and 

5 ' CCTGTTTTTTTC ATGTTGACTTTGG3 ' ) are synthesized and used in the PCR 
reaction by using the PfuTurbo Hotstart DNA polymerase (Lundberg et al., 1991) 
(Stratagene). These two primers will amplify a 9.5 kb fragment, resulting in 
deletion of the M gene from the very beginning of the M transcript to the 
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intergenic sequence between M and G. PfiiTurbo Hotstart DNA polymerase 
creates blunt ends (Lundberg et al., 1991) in the amplified fragments and thus the 
PCR fragment can be self-ligated. The ligated plasmids are sequenced at the 
mutation junction to make sure that there are no spurious mutations in the 3 
5 noncoding sequence of the P, the intergenic sequence, and the starting sequence 
for the G mRNA. The resulting plasmid is designated pSAD-NPG. The entire M 
gene is amplified using primers (SEQ ID NOS:45-46) 
5 1 AACACCACTGATAAAATGAACCTCC3 1 and 

5 1 A AT AGTTTTTTTC AC ATCC AAG AGG3 ' and cloned into the unique Hpal site 
10 of pGEM-GHL. After confirmation by sequence analysis, the plasmid with the 

correct orientation is selected. Then the intergenic sequence is restored by 

site-directed mutagenesis using primers (SEQ ID NOS: 32-33) 

S'AACAACTGGCAACACTTCTCS' and 5 * AGAAGTGTTGCC AGTTGTTC3 1 . 

After confirmation by sequence analysis, the plasmid with the corrected intergenic 
15 sequence is selected and designated pGEM-GML. The Xhol fragment from 

pGEM-GML is cut and cloned into the Xhol sites of pSAD-NPG to create the 

full-length rabies virus clone with the M gene cloned between the G and L genes. 

This plasmid is designated pSAD-PGM. 

To construct G-M-P and G-P-M, the plasmids pGEM-GML and 
20 pSAD-L16G333XhoI is used. First, the P and M genes are deleted from the clone 

pSAD-L16G333XhoI. Primers (SEQ ID NOS:34 and 42) 

5'ACATCCCTCAAAAGACTCAAGG3' and 

S'GTTTTTTTCATGATGGATATAGAGS' are synthesized and used in the PCR 
reaction by using the PfuTurbo Hotstart DNA polymerase (Lundberg et al., 1991) 
25 (Stratagene). These two primers will amplify a 8.5 kb fragment, resulting in 

deletion of the P and M genes from the very beginning of the P transcript to the 
intergenic sequence between M and G. PfuTurbo Hotstart DNA polymerase 
creates blunt ends (Lundberg et al., 1991), and the amplified fragments can be 
self-ligated. The ligated plasmids are sequenced at the mutation junction to make 
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sure that there are no spurious mutations in the 3 end of the N sequence, the 
intergenic sequence, and the starting sequence for the G mRNA. The resulting 
plasmid is designed pSAD-NG. 

To reshuffle the genes into the order of N-G-M-P-L, a unique Hpal site is 
created between the M and L genes on pGEM-GML. Two primers (SEQ ID 
NOS:47-48) are synthesized (5 ' GATGTGAAAAA AACTGTT AAC ACTTCTC3 * 
and 5 1 AGAAGTGTTAACAGTTTTTTTCACATCC3 1 ) and used for PCR using 
pfu DNA polymerase. The mutation is confirmed by sequence analysis, and the 
plasmid is designated pGEM-GMHL. Then the entire P gene amplified as 
described above is cloned into the Hpal site of pGEM-GMHL. After confirmation 
by sequence analysis, the plasmid with the correct orientation is selected. Then, 
the intergenic sequence is restored by with primers (SEQ ID NOS:49-50) 
5 1 GATGTGA AAAAAACTATT AAC ACCC3 ' and 

5 ' GGTGTTA ATAGTTTTTTTC AC ATCC3 ' . After confirmation by sequence 
analysis, the plasmid with the correct orientation is designated pGEM-GMPL. 
The Xhol fragment is cut from pGEM-GMPL and cloned into the Xhol site of 
pSAD- NG to create the full-length rabies virus clone with the genes in the order 
of N-G-M-P-L. This plasmid is designated pSAD-L16GMP. 

To reshuffle the genes into the order of N-G-P-M-L, a unique Hpal site is 
created between the G and M genes on pGEM-GML. Two primers (SEQ ID 
NOS:51-52) are synthesized (5' AGAAGA AC AACTGTT AAC ACCACTG3' and 
5 1 AGTGGTGTTAAC AGTTGTTCTTCTG3 1 ) and used for PCR. The mutation is 
confirmed by sequence analysis, and the plasmid is designated pGEM-GHML. 
Then the entire P gene amplified as described above is cloned into the Hpal site of 
pGEM-GHML. After confirmation by sequence analysis, the plasmid with the 
correct orientation is selected. Then the intergenic sequence has to be restored by 
site-directed mutagenesis, using primers (SEQ ID NOS: 53-54): 
5 ' AGAAGA ACAACTAAGAACACCACTG3 1 and 
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5 * AGTGGTGTTCTTAGTTGTTCTTCTG 3 ' . After confirmation by sequence 
analysis, the plasmid with the correct orientation is designated pGEM-GPML. 
The Xhol fragment is finally cut from pGEM-GPML and cloned into the Xhol site 
of pSAD-NG to create the full-length rabies virus clone with the genes in the order 
5 of N-G-P-M-L. This plasmid is designated pSAD-L16GPM. 

To select the reshuffled rabies viruses, these plasmids with the reshuffled 
genes are individually transfected into BSR T7/5 cells, together with pTIT-N, 
pTIT-P, and TIT-L, as described (Schnell et al., 2000). Cells are replenished with 
fresh medium and cultured for another three days before the supernatant is 

10 transferred to fresh BSR cells. Two days after infection, virus is detected by using 
anti-rabies virus N antibodies conjugated with FITC. Positive staining of the cells 
indicates successful rescuing of the infectious virus. These viruses are designated 
as L16G1N2G333, L16G1N3G333, L16G1N4G333, L16GMPG333, 
L16MGPG333, L16PGMG333, L16GPMG333, and L16MPGG333, respectively. 

15 The virus is propagated for further analysis in either BHK cells or BHK-N cells. 

To further analyze these reshuffled viruses, growth curves of these viruses 
are determined by infecting BSR cells with each of the viruses at a moi of 1. 
L16G333 are included for comparison. After 1 hr adsorption, virus inoculum is 
removed and cells washed three times with PBS. Fresh medium will then be 

20 added. Aliquots are removed from the culture medium at 6, 12, 18, 24,- 36, 60, 
and 72 hr p.i. and used for virus titration as described (Wu et al., 2001). This 
experiment is repeated for three times and the average titer for each virus is used 
for comparison. To determine if these reshuffled viruses have a reduced rate of 
viral replication, BSR cells are infected at a moi of 1 ffu/cell and harvested at 40 

25 hr p.i. for total RNA isolation, using the method described (Wu et al., 2001). 
Viral genomic RNA and transcripts in the RNA preparations are analyzed by 
Northern blot hybridization using probes made from both the N (Fu et al., 1991) 
and the G cDNAs (Fu et al., 1993). Quantitation of the RNA is done by 
densitometry or phosphoimaging of the RNA bands. Alternatively, BSR cells 
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infected with these viruses are labeled metabolically with [ 3 H]uridine (33 /iCi/ml) 
for 4 hr in the presence of actinomycin D (5 fig/ml), as described for VSV (Wertz 
et al., 1998). Cells then are harvested for RNA extraction. The RNA is analyzed 
by gel electrophoresis and quantitated by densitometry. The molar ratio among 
5 the five transcripts and genomic RNA is determined by densitometry and 
compared among these viruses. 

Mutant rabies viruses with the G gene moved to the first position are 
constructed and selected. In addition, these viruses also bear the mutation at 
arginine 333 of the G. The gene order in these mutated viruses is confirmed by 

10 RT-PCR. Virus growth curves studies show that the virus yield is in the order of 
L16G333, L16G1N2G333, L16G1N3G333, and L16G1N4G333. Likewise, 
Northern blot hybridization and [ 3 H]uridine labeling indicates that the rate of viral 
replication (genomic RNA) is the highest for L16G333, followed by 
L16G1N2G333, L16G1N3G333, and L16G1N4G333. Furthermore, the molar 

15 ratio among the five viral transcripts are altered, depending on the relative position 
of these genes along the viral genome. For L16G333, the amounts of the 
transcripts are in the order ofN>P>M>G>L; L16G1N2G333, 
G>N>P>M>L; L16G1N3G333, G>P>N>M>L; and L16G1N4G333, 
G>P>M>N>L. Because the mutation of G at arginine 333 is incorporated into 

20 these reshuffled viruses, these viruses not only have a reduced rate of replication 
but also have a reduced capacity of invading the nervous system. 

Mutant rabies viruses with reshuffled P, M, and G genes within the rabies 
virus genome are also constructed and selected. In addition, these reshuffled 
viruses also bear the mutation of the G at arginine 333. The gene order in these 

25 mutated viruses is confirmed by RT-PCR. If the results for the reshuffled VSV 
are an indication (Ball et al., 1999), the virus growth curves studies shows that 
virus yield for some of these viruses (L16MPGG333, L16MGPG333, and 
L16PGMG333) is higher than that of L16G333. Virus yield for other reshuffled 
viruses (L16GPMG333 and L16GMPG333) is lower than that of L16G333. 



-80- 

Likewise, Northern blot hybridization and [ 3 H]uridine labeling indicate that the 
rate of viral replication (genomic RNA) is increased for L16MPGG333, 
L16MGPG333, and L16PMGG333, whereas the rate of viral replication (genomic 
RNA) is decreased for L16GPMG333 and L16GMPG333 when compared with 
5 L16G333. Furthermore, the molar ratio among the five viral transcripts is altered, 
depending on the relative position of these genes along the viral genome. For 
L16G333 , the amounts of the transcripts are in the order ofN>P>M>G>L; 
L16MPGG333, N>M>P>G>L; L16MGPG333, N>M>G>P>L; 
L16PMGG333, N>P>M>G>L; L16GPMG333, N>G>P>M>L; and 
10 L16GMPG333, N>G>M>P>L. Because the mutation of G at arginine 333 is 
incorporated into these reshuffled viruses, these viruses not only have a reduced 
rate of replication but also have a reduced capacity of invading the nervous 
system. 

Determination of the virulence of these reshuffled rabies viruses. To 
15 determine the virulence of these reshuffled viruses, mice of two age groups 

(neonates and mice at 5 to 6 weeks of age) are selected. There are 9 viruses to be 
tested including L16G333, L16G1N2333, L16G1N3G333, L16G1N4G333, L16- 
PGMG333, L16-GPMG333, L16-GMPG333, L16-MGPG333, and 
L16-MPGG333. Three doses (10 5 , 10 6 and 10 7 ffu) are tested for each virus. A 
20 total of 27 groups of ICR mice (ten in each group) at the age of 5 to 6 weeks of 
age are needed for this experiment. An extra group is included as controls. 
Animals are infected with 10 /xl containing the desired dosage by i.e. inoculation. 
For the control group, mice are injected with 10 fil of saline by the i.e. route. 
Animals are observed twice daily for 20 days for signs of clinical rabies such as 
25 ruff fur, ataxia, and paralysis. Moribund mice and the mice at the end of the 

experiment are euthanized by C0 2 inhalation. The mortality rate for each of the 
groups is recorded and analyzed statistically using student T test or X 2 test. 

To test the virulence of theses viruses in neonatal animals, a total of 27 
litters of ICR mice are needed for this experiment. Each litter is infected with 
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each dosage of one virus. An extra litter is included as a control. Neonatal mice 
at one day of age are infected with 10 pi volume containing the desired doses of 
mutant viruses by i.e. inoculation. For the control group, neonatal mice are 
injected with 10 /xl of saline by the i.e. route. Animals are observed twice daily 
for 20 days for dead littermates. Surviving mice at the end of the experiment are 
euthanized by C0 2 inhalation. The mortality rate for each of the litters is recorded 
and analyzed statistically using student T test or X 2 test. 

L16G333 does not induce any disease in the 5 to 6 week-old animals. 
However, it may induce clinical signs in neonates. Infection by viruses with the G 
moved into the first position, i.e., L16G1N2G333, L16G1N3G333 and 
L16G1N4G333, does not induce diseases in 5 to 6-week old mice because all these 
viruses have the arginine 333 mutated to glutamic acid. Ball et al. (Ball et al. , 
1999) reported that the pathogenicity of the P, M, and G reshuffled VSV did not 
correlate with the rate of replication in cell culture. Only those viruses that are 
less virulent than L16G333 are further tested for antigenicity and 
immunogenicity . . 

Determination of the immunogenicity of these reshuffled rabies viruses. 
To determine the immunogenicity of these reshuffled viruses, adult mice are 
selected. There are 9 viruses to be tested including L16G333, L16G1N2G333, 
L16G1N4G333L, L16-PGMG333, L16-GPMG333, L16-GMPG333, 
L16-MGPG333, and L16-MPGG333. Three doses (10 5 , 10 6 , and 10 7 ffu) are 
tested for each virus and this will determine the minimal dose of a virus that can 
stimulate protective immunity. Again three routes of inoculation are used, that is 
i.m., i.d., and s.c. A total of 81 groups of ICR mice (ten in each group) are 
needed for this experiment. An extra group is included as controls. Animals are 
immunized with 50 /xl volume containing the desired virus at the desired dosage by 
i.m., i.d., or s.c. Mice in the control group are left unvaccinated. Mice are bled 
for measurement of VNA (Hable, 1996; Briggs et al., 1996) at 1, 2, 3, and 4 
weeks after immunization. The development of VNA is compared between all the 
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groups of mice by statistical analysis using two-way analysis of variance with 
interactions (Littell et al., 1996). At 4 weeks after immunization, mice are 
challenged i.m. in the hind leg with 10 MIMLD^ (50% mouse i.m. lethal dose) of 
CVS-24 virus as described (Fu et al., 1991). Animals are observed twice daily for 
5 development of neurological symptoms and deaths for 20 days. Animals are 

observed twice daily and mortality rates are recorded and analyzed statistically for 
each group of animals. 

All the mutant rabies viruses are capable of inducing immune responses by 
these parental routes of immunizations. None of these viruses cause disease in 

10 adult mice by peripheral route of immunization. Mice immunized with those 
viruses with the G in the first position may develop quicker and higher VNA 
responses than mice immunized with L16G333 and those reshuffled viruses with 
the G in other positions. This is very important for post-exposure treatment 
because quick immune response is necessary to neutralize incoming viruses to 

15 prevent CNS infection. Reshuffled viruses which induce comparable or higher 
VNA titers as L16G333 and protect 100% of the immunized animals against 
challenge with virulent rabies virus, yet it will not induce any disease in neonatal 
animals by i.e. infection (see above), are further tested as an avirulent rabies virus 
vaccine target animal species such as raccoons, dogs, or even humans by different 

20 routes of immunizations. 

The effects on N mutants of mutating the phosphorylated serine (S) to 
alanine (A), glycine (G), aspartic acid (D), asparagine (N), glutamic acid (E), and 
glutamine (Q) were investigated by examining viral transcription and replication in 
the minigenome as well as the rescued virus. The results from these studies 

25 revealed that both viral transcription and replication were reduced when the N is 
not phosphorylated, and thus N phosphorylation plays an important role in 
modulating both transcription and replication of rabies virus. Furthermore, these 
results indicate that the effects of N phosphorylation on viral transcription and 
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replication are due to a combination of the net negative charge of the phosphate 
moiety and the structure of the serine residue. 

While the invention has been described and illustrated herein by references 
to various specific material, procedures and examples, it is understood that the 
5 invention is not restricted to the particular material combinations of material, and 
procedures selected for that purpose. Numerous variations of such details can be 
implied as will be appreciated by those skilled in the art. 

The following is a list of documents related to the above disclosure and 
particularly to the experimental procedures and discussions. The documents 
10 should be considered as incorporated by reference in their entireties. 
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